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ABSTRACT

We report on 8.7 and 7.6 yr of Rossi X-Ray Timing Explorer (RXTE ) observations of the anomalous X-ray pulsars
(AXPs) RXS J170849.0—400910 and 1E 1841—045, respectively. These observations have allowed us to study the
long-term timing, pulsed flux, and pulse profile evolution of these objects. We report on four new glitches, one from
RXS J170849.0—400910 and three from 1E 1841—045. With nearly all known persistent AXPs now seen to glitch,
such behavior is clearly generic to this source class. We show that in terms of fractional frequency change, AXPs are
among the most actively glitching neutron stars, with glitch amplitudes in general larger than in radio pulsars.
However, in terms of absolute glitch amplitude, AXP glitches are unremarkable. Unlike radio pulsar glitches, AXP
glitches can sometimes, though not always, be accompanied by radiative events. We show that the largest observed
AXP glitches have recoveries that are unusual among those of radio pulsar glitches, with the combination of recovery
time scale and fraction yielding changes in spin-down rates following the glitch similar to, or larger than, the long-
term average. We also observed a large long-term fractional increase in the magnitude of the spin-down rate of
1E 1841—045, following its largest glitch, with A/ = 0.1. These observations are challenging to interpret in stan-
dard glitch models, as is the frequent occurence of large glitches given AXPs’ high measured temperatures. We spec-
ulate that the stellar core may be involved in the largest AXP glitches.

Subject headings: pulsars: individual (1E 1841—045, RXS J170849.0—400910) — stars: neutron — X-rays: stars

1. INTRODUCTION

The past decade has seen significant progress in our knowl-
edge of the observational properties of anomalous X-ray pulsars
(AXPs; see Woods & Thompson 2006; Kaspi 2007 for recent
reviews). From a timing point of view, the presence of binary
companions has been practically ruled out (Mereghetti et al.
1998; Wilson et al. 1999), and subsequently their potential for
great rotational stability was demonstrated (Kaspi et al. 1999),
thereby allowing the discovery that AXPs can exhibit spin-up
glitches (Kaspi et al. 2000; Kaspi & Gavriil 2003; Dall’Osso
et al. 2003), and large (factor of ~10) torque variations (Gavriil
& Kaspi 2004). From a radiative point of view, AXPs are now
known to show a variety of different variability phenomena, in-
cluding long-lived flares (Gavriil & Kaspi 2004), short SGR-
like bursts (Gavriil et al. 2002, 2004; Woods et al. 2005), large
outbursts (Kaspi et al. 2003; Ibrahim et al. 2004; Israel et al.
2007a; Dib et al. 2007b; Tam et al. 2006, 2007), and slow, low-
level flux and pulse profile variability (Dib et al. 2007a; Gonzalez
etal. 2007). Spectrally, although previously studied only in the
soft X-ray band, AXPs are now seen in the radio band (Camilo
et al. 2006), through the mid- (Wang et al. 2006) and near-IR
(e.g., Israel et al. 2002; Wang & Chakrabarty 2002; Hulleman
et al. 2004; Tam et al. 2004; Rea et al. 2004; Durant & van
Kerkwijk 2005), in the optical range (e.g., Kern & Martin 2002;
Dhillon et al. 2005), up to hard X-ray energies (Kuiper et al.
2006). The evidence thus far argues strongly that AXPs, like
their close cousins, the soft gamma repeaters, are magnetars—
young, isolated neutron stars powered by a large magnetic en-
ergy reservoir, with surface fields of >1014-10!3 G (Thompson
& Duncan 1996; Thompson et al. 2002).

In spite of this progress, however, many aspects of AXPs re-
main mysterious. Particularly so are their variability properties.
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What is the origin of the variety of different types of variability?
Although bursts can be explained as sudden crustal yields, slower
evolution (e.g., Gavriil & Kaspi 2004; Dib et al. 2007a) has been
suggested to be due to slow magnetospheric twists (Thompson
et al. 2002). Some support for this picture has been argued to
come from observed correlations between flux and spectral hard-
ness (Woods et al. 2004; Rea et al. 2005; Campana et al. 2007),
although Ozel & Guver (2007) argue that such a correlation need
not originate uniquely from the magnetosphere and could be
purely thermal. At least some radiative variability has been seen
to be correlated with timing behavior. The best example of this
occurred in the 2002 outburst of AXP 1E 2259+586 in which the
pulsar suffered a large spin-up glitch apparently simultaneously
with a major X-ray outburst (Kaspi et al. 2003; Woods et al. 2004).
Israel et al. (2007a) describe a similar radiative outburst in AXP
CX0U J164710.2—455216, and report a large contemporaneous
glitch, as did Dib et al. (2007b) recently for AXP 1E 1048.1—
5937. By contrast, AXP RXS J170849.0—400910 exhibited two
glitches with no evidence for a corresponding radiative event
(Kaspi et al. 2000; Kaspi & Gavriil 2003), although Dall’Osso
et al. (2003) suggested possible low-level pulse profile changes
associated with the second glitch. Campana et al. (2007) also
suggested that observed flux and spectral changes may be as-
sociated with glitches and predicted a third glitch would be ob-
served after mid-2005 on the basis of an observed flux increase
and apparently correlated spectral changes.

Here we report on 8.7 and 7.6 yr of monitoring of RXS
J170849.0—400910 and 1E 1841—045, respectively, using the
Proportional Counter Array (PCA) aboard the Rossi X-Ray Timing
Explorer (RXTE ). We report the discovery of one new glitch and
three new glitch candidates in RXS J170849.0—400910, as well
as three new glitches in 1E 1841—045, including one of the
largest glitches, in terms of fractional frequency increase, thus far
observed in any neutron star. We also present pulsed flux time
series for RXS J170849.0—400910 and 1E 1841—045, which
reveal little or no evidence for correlated changes with glitches,
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TABLE 1
SumMMARY OF RXTE OBSERVATIONS OF RXS J170849.0—400910
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Typical Exposure Typical Separation®

Total Exposure®

Observation Cycle (ks) (days) No. of Objects® (ks) First-Last MJD¢ First Date—Last Date
2.5 15 29 75 50,825.7-51,186.7 1998 Jan 12-1999 Jan 8
3 24 20 60 51,215.7-51,614.1 1999 Feb 6-2000 Mar 11
3 24 13 40 51,655.7-52,041.5 2000 Apr 21-2001 May 12
3 29 13 40 52,049.5-52,325.6 2001 May 20-2002 Feb 20
5.5 23 12 65 52,366.5-52,718.7 2002 Apr 4-2003 Mar 20
1.8 5 58 105 52,745.7-53,058.6 2003 Apr 16-2004 Feb 23
2 5 70 135 53,063.1-53,429.1 2004 Feb 28-2005 Feb 28
2 8 47 90 53,435.1-53,791.6 2005 Mar 6-2006 Feb 25
2 7 32 60 53,799.0-54,015.4 2006 Mar 5 —2006 Oct 7

? The exposure and separation are approximate. Note that the PCA effective area changed with time primarily due the reduction of the average number of PCUs
operational during an integration. This effect is not incorporated in the tabulated integration times.
® When the last digits of the observation ID of two successive data sets are different, the two data sets are considered separate observations.

¢ The total exposure does not include Earth occultation periods.

4 First MID and Last MJD are the epochs, in Modified Julian Days, of the first and the last observations in a Cycle.

¢ Cycle 11 not yet completed.

although RXS J170849.0—400910 shows low-level pulsed flux
variability at many epochs. We also report a pulse profile evolu-
tion analysis which shows that both pulsars’ profiles are evolving
slowly with time, although in neither case does this evolution
show a clear correlation with timing behavior. These results dem-
onstrate that AXPs RXS J170849.0—400910 and 1E 1841—-045
are frequent glitchers. They also demonstrate that although AXP
timing glitches can occur simultaneously with significant long-
lived radiative enhancements, they need not always do so.

2. OBSERVATIONS

The results presented here were obtained using the PCA on
board RXTE. The PCA consists of an array of five collimated
xenon/methane multianode proportional counter units (PCUs)
operating in the 2—60 keV range, with a total effective area of
approximately 6500 cm? and a field of view of ~1° FWHM
(Jahoda et al. 1996). Our 294 observations of RXS J170849.0—
400910 and our 136 observations of 1E 1841—045 are of various
lengths (see Tables 1 and 2). Most were obtained over a period
of several years as part of a long-term monitoring program, but
some are isolated observations (see Figs. 1 and 2).

For the monitoring, we used the GoodXenonwithPropane
data mode except during Cycles 10 and 11, when we used the
GoodXenon mode. Both data modes record photon arrival

times with 1 us resolution and bin photon energies into one of
256 channels. To maximize the signal-to-noise ratio, we analyzed
only those events from the top xenon layer of each PCU.

3. PHASE-COHERENT TIMING

Photon arrival times at each epoch were adjusted to the solar
system barycenter. Resulting arrival times were binned with
31.25 ms time resolution. In the RXS J170849.0—400910 timing
analysis, we included only events in the energy range 2—6 keV, to
maximize the signal-to-noise ratio of the pulse. Similarly, for 1E
1841—045 we included events in the energy range 2—11 keV.

Each barycentric binned time series was folded using an
ephemeris determined iteratively by maintaining phase coher-
ence as we describe below. Resulting pulse profiles, with 64
phase bins, were cross-correlated in the Fourier domain with a
high signal-to-noise template created by adding phase-aligned
profiles from all observations. The cross-correlation returned an
average pulse time of arrival (TOA) for each observation cor-
responding to a fixed pulse phase. The pulse phase ¢ at any time
t can usually be expressed as a Taylor expansion,

5= dulio) + 1ot — ) + 3 70(t — 0+ 70t — 1)+

(1)

TABLE 2
SumMARY OF RXTE OBserVATIONS OF 1E 1841—-045

Typical Exposure”  Typical Separation®

Total Exposure®

Observation Cycle (ks) (days) No. of Observations® (ks) First-Last MJD¢ First Date—Last Date
4.5 27 26 120 51,224.4-51,597.3 1999 Feb 15-2000 Feb 2
4.5 38 16 70 516,44.7-51,976.9 2000 Apr 10-2001 Mar 8
7 27 8 50 52,001.6-52,300.1 2001 Apr 2-2002 Jan 26
12 45 7 80 52,349.8-52,666.0 2002 Mar 16-2003 Jan 27
4.5 20 17 80 52,726.8-530,52.9 2003 Mar —2004 Feb 17
4.5 20 19 80 53,073.7-534,13.3 2004 Mar 9-2005 Feb 12
5 14 31 130 53,440.0-54,153.9 2005 Mar 11-2007 Feb 22
5 14 12 60 53,800.9-53,970.6 2006 Mar 6-2006 Aug 23

? The exposure and separation are approximate. Note that the PCA effective area changed with time primarily due the reduction of the average number of PCUs
operational during an integration. This effect is not incorporated in the tabulated integration times.
® When the last digits of the observation ID of two successive data sets are different, the two data sets are considered separate observations.

© The total exposure does not include Earth occultation periods.

4 First MID and Last MJD are the epochs, in Modified Julian Days, of the first and the last observations in a Cycle.

¢ Cycle 11 not yet completed.
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Year
1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

51000 52000 53000 54000
Modified Julian Day

Fic. 1.—Epochs of observations of RXS J170849.0—400910 with RXTE. Gaps
near the end/start of each year are due to Sun avoidance. See Table 1 for details.

where v = 1/P is the pulse frequency, v = dv/dt, etc., and sub-
script “0”” denotes a parameter evaluated at the reference epoch
t = ty. The TOAs were fitted to the above polynomial using the
pulsar timing software package TEMPO.3

Note that we also searched for X-ray bursts in each 2-20 keV
barycentered, binned time series using the methods described in
Gavriil et al. (2004); however, no bursts were found in any of
our RXS J170849.0—400910 or 1E 1841—045 data sets.

3.1. Timing Results for RXS J170849.0—400910

Figure 3 and Table 3 summarize our results for RXS J170849.0—
400910. The pulsar’s spin evolution can be characterized by
steady spin-down, punctuated by sudden episodes of spin-up,
i.e., glitches, in addition to candidate glitch events and appar-
ently random noise. We provide in Table 3 pulse ephemerides
for interglitch ranges labeled as in the top panel of Figure 3.
Residuals after subtraction of these models are shown in the
next panel of Figure 3. Overall the models describe the data well.
However, particularly when our timing precision was highest
(i.e., before 2003), some low-level but significant deviations
are seen on timescales of weeks to months. Their origin is un-
known but is likely related to “timing noise,” commonly seen
in other AXPs (e.g., Kaspi etal. 1999; Gotthelf et al. 2002) and
ubiquitously in radio pulsars (e.g., Arzoumanian et al. 1994;
Hobbs et al. 2004; Livingstone et al. 2005). Note that Dib et al.
(2007a) performed simulations which showed that pulse pro-
file changes similar to those observed in this source (see § 4.1)
did not result in timing offsets significantly larger than our re-
ported TOA uncertainties. Hence, the features in the timing re-
siduals reported here are not a result of pulse profile changes.

In addition to the two previously reported glitches (which we
have reanalysed, finding results consistent with those already
in the literature; see Kaspi et al. 2000; Kaspi & Gavriil 2003;
Dall’Osso et al. 2003), we have identified a third unambiguous
glitch that occurred near MJD 53,551 (2005 June 30). Note that
the exact glitch epoch is unknown due to our noncontinuous
monitoring; we report an epoch for which the phase jump is zero.
This is because a nonzero phase jump at the time of the glitch
would suggest an unphysically large torque on the star. This third

3 See http://www.atnf.csiro.au /research /pulsar /tempo.

Year
1999 2000 2001 2002 2003 2004 2005 2006

52000 53000 54000
Modified Julian Day

Fic. 2.—Epochs of observations of 1E 1841—-045 with RXTE. Gaps near the
end /start of each year are due to Sun avoidance. See Table 2 for details.
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FiG. 3.—Spin and pulsed flux evolution in RXS J170849.0—400910. Panels
are described from top to bottom. Top panel: Frequency evolution, with inter-
glitch intervals indicated for correspondence with ephemerides given in Table 3.
Arrows indicate intervals for which glitch ephemerides were obtained (see Table 4).
Second panel: Residuals, after subtraction of the best-fit models given in Table 3
(with arbitrary interinterval phase offsets subtracted). The increased scatter after
MJD 52,600 is due to a decrease in typical integration time and an increase in
monitoring frequency. Third panel: The solid curve shows the frequency evo-
lution of the models shown in Table 3 after removal of the linear trend defined by
the frequency and frequency derivative from interval C as measured by fitting
only those parameters. The data points represent measured frequencies in inde-
pendent subintervals after subtraction of the extrapolation of the same linear
trend. Fourth panel: Evolution of the frequency derivative in subintervals, when
fitting locally for only v and . Bottom panel: Pulsed flux in the 2—-10 keV range.
All panels: Unambiguous glitch epochs are indicated with solid vertical lines. Can-
didate glitch epochs are indicated with dashed vertical lines.

glitch had fractional frequency jump Av/v = 2.7 x 107, and no
obvious recovery. This glitch amplitude is intermediate between
those of the previous two observed glitches, and the lack of rec-
overy is similar to what was seen in the first glitch, but in marked
contrast with the second glitch, as is clear from Figure 4. A sudden
change in postglitch spin-down rate for the third glitch is difficult
to constrain, because of a possible additional glitch that occurred
not long after, as we describe below. Indeed, glitch-induced long-
term changes in v aside from that following the first glitch, as
described by Kaspi et al. (2000) are difficult to identify given the ap-
parent timing noise processes. Table 4 summarizes the parameters
of the three certain glitches of RXS J170849.0—400910, assum-
ing a glitch model consisting of a permanent change in ~ and » and
a frequency change v/; that decayed on a timescale of 7, i.e.,

v = () + Av + Avge T L Ap (1 - t,), (2)



TABLE 3

LonG-TErRM SpIN PARAMETERS FOR RXS J170849.0—400910

SpaNNING MID?

Ephemeris A Ephemeris B Ephemeris C Ephemeris D Ephemeris E Ephemeris F Ephemeris G
PARAMETER (50,826-51,418) (51,446-51,996) (52,036-52,960) (53,010-53,325) (53,377-53,548) (53,556-53,631) (53,638-54,015)
MID start .....ceeveveeveeennne. 50,826.078 51,446.610 52,035.655 53,010.094 53,377.133 53,555.734 53,638.033
MID end ....coovvevvriee 51,418.374 51,995.680 52,960.186 53,325.061 53,547.811 53,631.161 54,015.487
TOAS et 39 19 74 69 29 13 49
U (HZ) oo 0.090913818(2)  0.090906071(3)  0.090906089(3)  0.090892731(13) 0.090887608(18)  0.090885281(8)  0.090884082(9)
» (10713 Hz s71).. —~1.583(3) —1.574(2) —~1.565(6) —1.40(5) —1.19(8) —~1.70(2) —~1.58(3)
¥ (10722 Hz s72) —1.4(3) 0.36(9) —8.9(1.8) —44(11) —131(23) —8(7)
Bvids (10728 Hz s73) —0.056(9) 1.53) 5.5(1.6) 15(3) 1.4(9)
d*vidt* (10733 Hz s™) ... -1.403) —3.1(1.0) —0.8(6)
d3vidf (1072 Hz s75)...... 7.4(1.5)
d®v/dt® (107" Hz s7)...... —1.8(4)
Avg® (HZ) oo, 36(3) x 10708
12 (days)....... 43(2)
Epoch (MID)...... 51,445.3846 52,016.48413 52,016.48413 52,989.8475 53,366.3150 53,549.15095 53,635.6772
rms residual (phase).......... 0.0079 0.0150 0.0154 0.0132 0.0142 0.0112 0.0154
? Numbers in parentheses are TEMPO-reported 1 o uncertainties.
® Parameters held fixed at values determined from local glitch fits as shown in Table 4.
Year Year Year
1999 1999.5 2000 2001 2002 2005.4 2005.6
r T I N I FoT BRI I FT I ! I !
—~ - N : - Cy Y 0.090887 N ;
N r T L = - S
T 0.090918 - = . N bllE C o
— - gl 0.090910 |- gl ]
g\ 0.090916 (AN : or 0.090886 N [t}
g X i C
5 0090914 [ i -
g ’ r 0.090905 — 0.090885
£ 0.090912 [ i ¥
'; PTITR a 0.090884 -
[ ] [ ] . r .
LR B 5 eeeneon® e 0.5 __h-l-..“....!
&) - N 05 i N
2 0 : L : o -
~ - : ; L : - -
] | : - - I L]
£ i 5 0+~ 5' C .
n 02 : i | -05 [ .
g 0.2 i : - : C
E r i B [ u 1
0 L : s -05 L .
] . L -1+
2= -04 - : s L . - ¢
- . - [ | ]
L . ] L PR r
0.10 : 0.10 0.10 |
o) F : F F :
2 0.05 : 0.05 0.05 :
[y c : g [} o :
o, ] C ;
= 0.00 }%I}H iif- % fﬁ 0.00 5, ﬂ% : {III; 0.00 2 % 1'{% }} {}{H #
2 : i S IR
3 -0.05 : -0.05 : -0.05 :
i o o : C
7 E : - : - :
0 -0.10 : -0.10 = : -0.10 :
a4 | I | | I N I | L |
51200 51400 51600 51600 52000 52400 53500 53600
MJD MJD MJD

Fig. 4—Three unambiguous glitches observed in RXS J170849.0—400910. Top panels: Frequency evolution around glitch as determined from ephemerides in
Table 4, with the blow-up inset displaying glitch amplitude on a common scale for comparison. Middle panels: Residuals after subtraction of the best-fit preglitch
ephemeris given in Table 4. Bottom panels: Residuals after subtraction of best-fit glitch models given in Table 4. A/l panels: Dashed vertical lines indicate assumed glitch

epochs.



1048

DIB, KASPI, & GAVRIIL

Vol. 673

TABLE 4
LocaL EpHEMERIDES OF RXS J170849.0—400910 Near GritcH EpocHs

EPHEMERIS®

PARAMETER Near Glitch 1

Near Glitch 2 Near Glitch 3

MID FANEE ..o 51,186.503 —51,614.187
TOAS oo 22
Epoch (MID) ..o, 51445.3846

U (HZ) oo 0.090913822(2)
(0B Hz s —1.5714(14)
Glitch epoch (MID) .......oovverrerenee. 51,445.3846
AV (HZ) oo, 513) x 1078
AP (HZ $™Y) oo, —0.8(4) x 10715
AVG (HZ) oo .

g (dAYS) i .

RMS residual (phase)........cccceeenenee 0.0102

51,614.185-52,366.663 53,465.392-53,631.161

29 26
52016.48413 53549.15095
0.090906068(2) 0.090885035(9)
—1.5797(11) —1.67(2)
52,016.48413 53,549.15095
2.2(4) x 1078 24.6(9) x 1078
—1.1(2) x 10715 —2(2) x 1071

36(3) x 1078 .
43(2)
0.0193 0.0140

? Numbers in parentheses are TEMPO-reported 1 o uncertainties.

where v(¢) is the frequency evolution preglitch, Av is a instan-
taneous frequency jump, Ay, is the postglitch frequency in-
crease that decays exponentially on a timescale 74, ¢, is the glitch
epoch, and Av is the postglitch change in the long-term fre-
quency derivative.

For the second glitch, residuals after subtraction of a simple
glitch with fractional exponential recovery have clear remaining
trends, as is clear in Figures 3 (second panel) and 4 (bottom panel).
Systematic trends after simple glitch model subtraction were also
reported by Woods et al. (2004) for the 2002 glitch in 1E 2259+
586. We also find this in the largest glitch in 1E 1841—045 (see
§3.2). Woods et al. (2004) showed that for 1E 2259+586, the
glitch fit was significantly improved by adding an exponential
growth term. We have tried fitting this model to the second glitch
from RXS J170849.0—400910 but find no improvement, with
the preferred growth term consistent with zero.

In addition to the new certain glitch we report above, we find
strong evidence for an additional three glitches, each having
fractional amplitude similar to the first certain glitch seen in this
source. The properties of these candidate glitches are summa-
rized in Table 5. Timing residuals around the epochs of these
glitches are shown in Figure 5 (top panel). Residuals following
the subtraction of a glitch model are shown in the middle panel
of that figure. We refer to these as candidates only because a
fourth-order polynomial fit to the same data results in similar

residuals (Fig. 5, bottom panel; Table 6) without the need to
invoke a sudden event. The distinction between true glitches
and timing noise is often difficult to make for small-amplitude
glitches, as discussed by Kaspi et al. (2000). One way to distin-
guish, at least statistically, is that apparent discontinuities attrib-
utable to timing noise should not have a preferential direction,
i.e., apparent spin-down “glitches” should be seen too. An exam-
ination of the frequency panel in Figure 3 reveals apparent fre-
quency jumps at the candidate glitch levels in both directions,
suggesting one or more of the candidates could indeed be timing
noise. Continued monitoring to acquire a larger database of such
apparent discontinuities will help clarify this issue.

Subsequent to our submission and posting of this paper, Israel
etal. (2007b) posted the results of a similar analysis of a subset of
these same data. Some of their results are consistent with ours;
however, others differ. They reported two glitches, the first of
which corresponds to our second candidate glitch (Table 5). For
that glitch, the reported fit parameters are similar although not
identical to ours. Their second glitch corresponds to our third
glitch in Table 4. For that glitch, the reported frequency jump at
the glitch epoch was similar to ours but the jump in frequency
derivative was significantly different. We find that this difference
is due to their inclusion of more postglitch TOAs when fitting the
glitch. We did not include these TOAs because of a candidate
event that occurs shortly thereafter, but which Israel et al. did not

TABLE 5
LocaL EpHEMERIDES OF RXS J170849.0—400910 NEarR CanDIDATE GLITCH EPOCHS

EPHEMERIS®

PARAMETER

Near Candidate 1

Near Candidate 2 Near Candidate 3

MJD range 52,745.790-53140.604
TOAs............ 78

Epoch (MJD) 52,989.8475

v (Hz) 0.0908927493(18)
(0B Hz s, —1.5842(15)
Glitch epoch (MJD) 52,989.8475
AV (HZ) oo 2.8(4) x 1078
Av (Hzs™") 0P

Avy (Hz) ..

g (AAYS) v ..

rms residual (phase) ......c..cccoceeeeenenne. 0.0153

53,229.271-53456.688 53,562.209-53785.652

38 28
53,366.3150 53,635.6772
0.090887617(5) 0.090884020(8)
—1.570(7) —1.67(2)
53,366.3150 53,635.6772
5.2(6) x 1078 6.7(3) x 1078
—1.9(1.3) x 1071 6.0(5) x 10713
0.0099 0.0110

? Numbers in parentheses are TEMPO-reported 1 o uncertainties.

® Entries with the value 0 are consistent with being zero.
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Fig. 5.—Three candidate glitches in RXS J170849.0—400910. Top panels: Residuals after subtraction of best-fit “preglitch” ephemeris given in Table 5. Middle
panels: Residuals after subtraction of best-fit glitch models given in Table 5. Bottom panels: Residuals after subtraction of best-fit alternative models given in Table 6.

All panels: Dashed vertical lines indicate assumed glitch epochs.

report. In addition to this difference, the frequency value reported
in their postglitch ephemeris, 0.09088624(2) Hz, is 42 o away
from the value 0.090885327(8) Hz that we measure at the same
epoch using our postglitch ephemeris. The numbers in paren-
theses are 1 o uncertainties. We do not understand this difference.

3.2. Timing Results for 1E 1841—045

Figure 6 and Table 7 summarize the long-term timing be-
havior of 1E 1841—045. As for RXS J170849.0—400910, the

spin evolution of 1E 1841—045 is well characterized by regu-
lar spin-down punctuated by occasional sudden spin-up events,
plus timing noise. Ephemerides in Table 7 are given for the glitch-
free intervals indicated in the top panel of Figure 6. As for RXS
J170849.0—400910, the long-term timing residuals show some
unmodeled trends whose origin is unknown. We consider these
trends timing noise, as did Gotthelf et al. (2002) in their anal-
ysis of ~2 yr of data from this object. Note that the ephemeris
in Table 7 labeled B2 is the same as that labeled B except for

TABLE 6

ALTERNATE EPHEMERIDES OF RXS J170849.0—400910 Near CANDIDATE GLiTcH EPocHS

PARAMETER

EPHEMERIS®

Near Candidate 1

Near Candidate 2

Near Candidate 3

MJD range ....

V (HZ) oo
v (1073 Hz s™N..........
U (1072 Hz s72)
d*vld? (1072 Hz s73)
d*v/dt* (1073° Hz s™)
rms residual (phase)....

52,745.790-53140.604
75
52,989.8475
0.0908928173(6)
~1.556(3)
1.2(4)
—0.66(16)
—1.0(4)
0.0146

53,229.271-53456.688
38
53,366.3150
0.0908876402(13)
—1.492(6)

42)
—6.6(1.4)
—18(6)

0.0106

53,562.209-53785.652
28
53,635.6772
0.090884059(2)
—1.485(16)
Ob
—19(4)
52(12)
0.0152

# Numbers in parentheses are TEMPO-reported 1 o uncertainties.
° Entries with the value 0 are consistent with being zero.
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indicated for correspondence with ephemerides given in Table 7. Arrows indicate
intervals for which glitch ephemerides were obtained (see Table 8). Second panel-
Residuals, after subtraction of the best-fit models given in Table 7. Third panel:
The solid curve shows the frequency evolution of the models shown in Table 7
after removal of the linear trend defined by the frequency and frequency deriv-
ative from the last year of data before the first glitch, as measured by fitting only
those parameters. The dotted curve shows alternate glitch recovery (see § 3.2 for
details). The filled circles show the measured frequencies in independent sub-
intervals after subtraction of the extrapolation of the same linear trend. The open
squares represent epochs of the two immediate postglitch observations (too few for
the measurement of an independent frequency but crucial for the phase-coherent
analysis). Fourth panel: Evolution of the frequency derivative in subintervals,
when fitting locally for only v and ©. Bottom panel: Pulsed flux in the 2—-10 keV
range. All panels: Glitch epochs are indicated with solid vertical lines. The dashed
vertical line indicates the start of ephemeris B2, which does not include the two
immediate postglitch observations (open squares).

the omission of data immediately postglitch (see legend to
Fig. 6).

The frequency panel in Figure 6 and first panel in Figure 7
make clear that 1E 1841—045 suffered a large glitch, with sig-
nificant recovery, near MJD 52,460 (2002 July 5). This epoch is
estimated, as for all glitches reported in this paper, by taking the
epoch at which the phase jump is zero. Note that for this glitch
there were several such epochs and the one we are reporting
gives the most conservative frequency jump assuming an ex-
ponential recovery. The least conservative possible frequency
jump is ~50% larger. The glitch fractional amplitude was Av/v =
1.6 x 1073 (see Table 8), among the largest yet seen from any
neutron star. A fraction Q = Av,/(Av; + Av) = 0.64 of the
glitch recovered on a timescale of 43 days. This glitch is thus

similar to the second certain glitch seen in RXS J170849.0—
400910, and to the 2002 glitch in 1E 2259+586, which also
showed significant recoveries on timescales of weeks. Also, like
the second glitch of RXS J170849.0—400910, this large glitch in
1E 1841—045 is not well modeled by equation (2), as is clear in
the residuals plot in Figure 7. Accompanying this frequency
glitch was a substantial long-term increase in the magnitude of
v, with fractional increase Av/ = 0.0959 £ 0.0007. This is dis-
cussed further in §6.1.

Because of the sparsity of the data around the glitch epoch,
we found an alternate ephemeris for the period of time covered
by ephemeris B (Fig. 6, Table 7). The fit parameters are v =
0.0849041677(17) Hz, v = —2.852(3)x 10713 Hz s7!, i =
—2.47(8) x 1072 Hz s 2, and d’v/df* = 8.8(7) x 1072° Hz s 3
at the reported glitch epoch MJD 52,464.00448, with rms phase
residual of 0.019. This ephemeris disagrees with ephemeris B
in the shape of the recovery (see dotted curve in the third panel
of Fig. 6) but agrees with it after the end of the recovery. Using
the parameters of this alternate ephemeris, the change in v at the
glitch epoch would be 2.20(3) x 10~7 Hz much smaller than the
one reported in Table 8. However, we hesitate to interpret the glitch
using this ephemeris because of the very unusual and unique shape
of the recovery it predicts. Note that this alternate ephemeris also
shows a long-term increase in the magnitude of v after the glitch.

We also report the detection of two additional, smaller glitches,
as summarized in Table 8 and displayed in Figures 6 and 7.
Neither glitch displays significant recovery, and both are well
modeled by a simple permanent frequency jump.

4. PULSE PROFILE CHANGES

Another interesting AXP property we can study thanks to
RXTE monitoring is the evolution of the pulse profile. We per-
formed a pulse profile analysis on each AXP using FTOOLS
version 5.3.1.* We used the following steps: for each observa-
tion, we ran the FTOOL make_se to combine the GoodXenon
files. We then used the FTOOL fasebin to make a phase-
resolved spectrum of the entire observation with 64 phase bins
across the profile. When we ran fasebin, we selected layer 1
of the detector, disregarded the propane photons, and included
the photons from PCUS 1, 2, 3, and 4. We omitted PCU 0, for
which an independent analysis of AXP 4U 0142+61 revealed
spectral modeling irregularities (Dib et al. 2007a); fasebin
also took care of barycentering the data. For each observation,
we then used seextrct to make a phase-averaged spectrum for
the same set of detector layers and PCUs. The phase-averaged
spectrum was then used by the perl script pcarsp to make a
response matrix.

We loaded the phase-resolved spectra and the response ma-
trices into the X-ray Spectral Fitting Package (XSPEC") and se-
lected photons belonging to three energy bands: 2—10, 2—4, and
4-10 keV. Using XSPEC, we extracted a count-rate pulse pro-
file for each of the energy bands. The profiles included XSPEC-
obtained 1 o error bars on each of the phase bins. To obtain a
pulse profile in units of count rate per PCU, we divided the over-
all profile by a PCU coverage factor that took into account the
amount of time each PCU was on.

We then aligned the 64 bin profiles with a high signal-to-
noise template using a similar cross-correlation procedure to the
one used in the timing analysis. Then, for each glitch-free interval,
we summed the aligned profiles, subtracted the DC component,

4 See http://heasarc.gsfc.nasa.gov/ftools.
5 See http://xspec.gsfc.nasa.gov, version: 11.3.1.



TABLE 7
LonG-TErRM SpiN PARAMETERS FOR 1E 1841—045

SpanNING MID?

Ephemeris A Ephemeris B Ephemeris B2 Ephemeris C Ephemeris D
PARAMETER (51,225-52,438) (52460-52981) (52610-52981) (53030-53816) (53829-53983)
51,224.538 52,460.000 52,610.313 53,030.093 53,828.808
52,437.712 52,981.186 52,981.186 53,815.842 53,983.431
. 53 19 17 54 11
€5 T 0.0849253002(9) 0.084904428(7) 0.084889922(3) 0.084890135(6) 0.084868767(7)
(0B Hz s, —2.9940(10) —3.176(2) —3.179(2) —3.354(7) —2.833(9)
(1072 HZ S e 3.30(14) . ... 16.4(4) ..
Avld 1072 Hz s oo 0.9(2) .. ... —2.81(11)
d*vldt* (1073 Hz s™) oo -2.3(2)
&vldf 1078 Hz s75) oo 1.5(3)
d°v/dt® (107" Hz s7%) .. -3(2) ..
Av® (HZ) oo .. 8.1(6) x 1077
1 (days)....... . ... 43(3) . ... .
Epoch (MID).......oovvemrrenrreerreerr, 51,618.000 52,464.00448 52,997.0492 52,997.0492 53,823.9694
rms residual (phase).........c.coceeeenenne. 0.029 0.025 0.028 0.033 0.022

? Numbers in parentheses are TEMPO-reported 1 o uncertainties.
® Parameters held fixed at values determined from local glitch fits as shown in Table 8.
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Fic. 7.—Three glitches in 1E 1841—045. Top panels: Frequency evolution around glitches as determined from ephemerides in Table 8, with the blow-up inset dis-
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TABLE 8
LocaL EpHEMERIDES OF 1E 1841—045 NEar GrLitcH Epocus®

EPHEMERIS®

PARAMETER Near Glitch 1 Near Glitch 2 Near Glitch 3
MID TANZE ..o 52,001.684-52981.186 52,773.845-53244.179 53,579.360-53970.681
TOAS ..o 30 26 31
Epoch (MID) ..o 52,464.00448 52,997.0492 53,823.9694
€5 2 0.084903950(2) 0.084889815(3) 0.084868657(4)
P (107 Hz s oo —2.8980(10) —3.162(3) —2.872(4)
Glitch epoch (MID) .......cooovvevrvrennne 52,464.00448 52,997.0492 53,823.9694
Av (Hz) 4.78(7) x 1077 2.08(4) x 1077 1.18(7) x 1077
Av (Hz s™! . —2.78(2) x 1014 4(3) x 10716 2(1) x 1071
Avy (Hz) 8.1(6) x 1077
ty (days) . 43(3) . .
rms residual (phase) 0.022 0.015 0.022

# Numbers in parentheses are TEMPO-reported 1 o uncertainties.
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FiG. 9.—Left panel: Time evolution of the ratio of the power in the nth harmonic to the total power in the 2—10 keV pulse profile of RXS J170849.0—400910. Circles

representn = 1, squares n =

2, and triangles n = 3. Solid vertical lines indicate epochs of glitches; dashed vertical lines are epochs of candidate glitches. Middle panel:

Same as left panel, but for 2—4 keV. Right panel: Same as middle panel, but for 4-10 keV.

and scaled the resulting profile so that the value of the highest bin
is unity and the lowest point is zero.

4.1. Profile Analysis Results of RXS J170849.0—400910

Average profiles for RXS J170849.0—400910 in the three en-
ergy bands are presented in Figure 8. In a given band, the dif-
ferent profile qualities are due to different net exposure times.
Energy dependence is clearly visible to the eye as well as small
fluctuations. For example, in the 2—4 keV band, the small peak
off the main pulse has clearly fluctuating intensity. This small
peak gets larger at higher energy, as seen in the 2—10 keV band.
In the 4-10 keV band, the smaller peak seems to blend with the
main low-energy peak to yield a broad single peak structure,
although fluctuations in that structure are apparent.

To study these fluctuations quantitatively, we subjected each
profile to a Fourier analysis. Figure 9 shows the evolution of
the first three profile harmonics with time. Although there are
hints of variation in all energy bands, only variations in the hard
4-10 keV band are statistically significant (as determined by
the  statistic from a fit to a constant value); the decline of the
second and third harmonics in the hard band have probabilities
01 0.0007% and 0.0012%, respectively, of being due to chance.
Thus in the hard band the profile is certainly becoming more
sinusoidal, in agreement with what is inferred by eye.

The above analysis shows that the profile is changing, but not
whether these changes are truly correlated with the glitch epochs,
since changes could be occurring throughout. To search for pulse
profile changes correlated with glitch epochs, as were claimed by
Dall’Osso et al. (2003) we divided glitch-free intervals into sev-
eral subintervals (typically of duration ~30 days) for which in-
dependent profiles were created. The number of subintervals was
chosen by trading off signal-to-noise ratio for time resolution. These
subinterval profiles were then Fourier analyzed. The evolution of
the Fourier powers in the first three harmonics in the 2—10 keV
profile are shown in the top panel of Figure 10.

To determine whether the apparent fluctuations are statistically
significant, we fit a constant value to each time series and from the
x?2 of the best fit, found that the probabilities of the fluctuations
being due to random noise are 68, 96 and 69 percent for n = 1,
2, 3, respectively. This analysis thus shows no evidence for pro-
file changes associated with the glitch epochs, including the sec-
ond glitch. However, the reduced signal-to-noise ratios in the
subinterval average profiles, required for interesting time reso-
lution, makes us insensitive to subtle profile changes. To search
for glitch-correlated pulse profile changes in a different way, for
each subinterval we calculated the reduced 2 of the difference
between that subinterval’s average profile and the previous one.
The time series of these x> values is shown in the bottom panel of
Figure 10. There is clearly no evidence for any profile change at
the second glitch, or at the third certain glitch. There is some hint

of profile changes at the first and second candidate glitches; how-
ever, a Kolmogorov-Smirnoff test shows that our x? values as a
group have a probability of 39% of originating from x? distribu-
tion. Interestingly although, the probability of the single high x?
value we measure at the second candidate glitch occurring ran-
domly is only 1.0 x 10~°; that at the first glitch is 1.7%, and at the
first glitch candidate is 0.4%. Thus we do find possible evidence in
this analysis for glitch-correlated pulse profile changes, although
the best evidence for significant changes occurs only at two can-
didate glitches, i.e., the lowest amplitude events.

4.2. Profile Analysis Results of 1E 1841—045

Summed profiles for 1E 1841—045 in three energy bands for
the five glitch-free intervals defined in the top panel of Figure 6
are shown in Figure 11. As for RXS J170849.0—400910, some
low-level profile fluctuations are suggested, particularly in the rel-
ative amplitude of the leading and trailing sides of the large single
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Fic. 10.—Top panel: Time evolution of the ratio of the power in the nth har-
monic to the total power in the 2-10 keV pulse profile of RXS J170849.0—
400910. The circles represent n = 1, squares n = 2, and triangles n = 3. Solid
and dashed vertical lines indicate epochs of glitches and candidate glitches, re-
spectively. The probability that the observed fluctuations are due to random noise
are 68%, 97% and 69% for n = 1,2, 3, respectively. Bottom panel: Reduced x? per
degree of freedom for successive profile differences (see text § 4.1 for details).
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peak in the 2—10 keV band (although clearly this peak could also
be considered the blend of two or more adjacent peaks).

As for RXS J170849.0—400910, we quantify the profile fluc-
tuations of 1E 1841—045 via Fourier analysis. Figure 12 shows
the evolution of the first three profile harmonics with time in
each energy band. Interestingly, in contrast to RXS J170849.0—
400910, here the profile changes are most prominent in the soft
2—-4 keV band, in which the fraction of power in the fundamental
of the profile in interval A2 (see Fig. 6) decreased, then slowly
relaxed back to the previous range. However, a x? test shows the
probability of this behavior being due to random noise is 18%,
too large to exclude.

To look for pulse profile changes correlated with glitches,
again, subintervals within glitch-free intervals were chosen
and summed profiles computed and Fourier analyzed. The evo-
lution of the first three harmonics is shown in the top panel of
Figure 13. Fluctuations are apparent although none is particu-
larly remarkable at any of the glitch epochs, including the first
and largest, and the time series for n = 1, 2, 3 are all consistent
with a constant value. This argues again against correlated pro-
file and timing anomalies in this source thus far. As a confir-
mation, as for RXS J170849.0—400910, a difference profile was
calculated for each subinterval by subtracting that interval’s pro-
file from the preceding one. The x? values of these difference
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FiG. 12.—Left panel: Time evolution of the ratio of the power in the nth harmonic to the total power in the 2—10 keV pulse profile of 1E 1841—045. Circles represent
n = 1, squares n = 2, and triangles n = 3. Solid vertical lines indicate epochs of glitches. Middle panel: Same as left panel, but for 2—4 keV. Right panel: Same as middle

panel, but for 4-10 keV.
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Fic. 13.—Top panel: Time evolution of the ratio of the power in the nth har-
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epochs of glitches. The probabilities that the observed fluctuations arise from ran-
dom noise are 99%, 97% and 96% forn = 1, 2, 3, respectively. Bottom panel: Re-
duced x? per degree of freedom for successive profile differences (see text § 4.2
for details).

profiles are shown in the bottom of Figure 13; no significant fea-
tures are present.

5. PULSED FLUX TIME SERIES

RXTE monitoring also allows the study of the evolution of the
pulsed flux of these sources. To obtain a pulsed flux time series
for RXS J170849.0—400910 and 1E 1841—045, we did the fol-
lowing. First, for each observation, we used a procedure similar
to that described in §4 to make a count rate per PCU pulse profile
(with 64 phase bins across the profile and excluding PCU 0) in the
energy range 2—10 keV. The profiles included XSPEC-determined
1 o error bars on the flux value in each of the phase bins.

The pulsed flux for each of the profiles was calculated using
the following rms formula:

F= \/22":[(a§+b§) — (0, +a§,{)}, (3)
k=1

where a;, is the kth even Fourier component defined as a; =
(1/m) >N p;cos(2mki/N), 02 is the uncertainty of ay, by
is the odd kth Fourier component defined as by =
(1/N) Zf\i | Di SIn(2Tki/N'), U,fk is the uncertainty of by, i refers to
the phase bin, N is the total number of phase bins, p; is the count
rate in the kth phase bin of the pulse profile, and # is the maximum
number of Fourier harmonics to be taken into account. We used
n = 6 for both RXS J170849.0—400910 and 1E 1841—045.
Our method for estimating the pulsed flux F is equiva-
lent to the simple rms formula F = (1/\/IV)[Z§V:] (pi — P 12
(where p; is the count rate in the ith phase bin of the pulse profile
and p is the average count rate), except that we have subtracted
the variances (to eliminate the upward statistical bias) and only
included the statistically significant Fourier components. For a de-

Modified Julian Days

Fic. 14.—Frequency, pulsed flux, reported total unabsorbed flux, and reported
photon index as a function of time for RXS J170849.0—400910. Frequency and
pulsed flux data are identical to those shown in Fig. 3. Solid and dashed vertical
lines indicate epochs of glitches and glitch candidates, respectively. Unabsorbed
phase-averaged 0.5-10 keV fluxes and photon indexes are from Rea et al. (2005)
and Campana et al. (2007) and are labeled by observing telescope. That the pulsed
flux remains relatively constant while the phase-averaged flux appears to vary by
nearly a factor of 2 (albeit as measured by different instruments) suggests a strong
anticorrelation between total flux and pulsed fraction.

tailed discussion on pulsed flux estimates, see A. Archibald et al.
(in preparation).

5.1. Pulsed Flux Time Series for RXS J170849.0—400910

Our pulsed flux time series for RXS J170849.0—400910 is
shown in Figure 3 (bottom panel) and again in Figure 14. Each
data point represents the average of pulsed fluxes measured over
~1 month. There appear to be frequent low-level pulse flux var-
iations in this source. Although our error estimates on the pulsed
fluxes include only statistical uncertainty (i.e., we have made no
effort to estimate systematic uncertainties), we are given confi-
dence that the fluctuations seen e.g., near MJD 52,000 are real,
given how stable the pulsed flux of 1E 1841—045 is in the same
time interval (see § 5.2).

There are no large increases in pulsed flux following any of
the glitches, unlike what was seen following the 2002 glitch of
AXP 1E 2259+586 (Kaspi et al. 2003; Woods et al. 2004). How-
ever, there is a possible pulsed flux enhancement prior to the
second glitch, and a dip following it. Given this and the lack of
clearly associated pulse profile changes coincident with glitch
epochs (see § 4.1), the glitches of RXS J170849.0—400910 ap-
pear to be “quiet,” in the sense that they seem unaccompanied
by significant pulsed radiative change. This is discussed further
in § 6.

Figure 14 shows phase-averaged fluxes in the 0.5-10 keV
band as measured using a variety of focussing X-ray telescopes
(Reaet al. 2005; Campana et al. 2007). Interestingly, while the
reported phase-averaged flux varies considerably (by a factor of
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~1.6), and in concert with the photon index as measured in the
conventionally used blackbody/power-law spectral model, the
2—-10 keV pulsed flux remains relatively constant. This suggests
that the pulsed fraction of RXS J170849.0—400910 is precisely
anticorrelated with total flux, in such a way as to keep the pulsed
flux near constant. This is discussed further in § 6.

The origin of the apparent low-level pulsed flux variations is
not clear, given the apparent lack of correlation with the phase-
averaged flux. As shown by A. Archibald et al. (in preparation), a
changing pulse profile can affect an rms-based pulsed flux esti-
mator such as that in equation (3). To verify that our measured
pulsed fluxes were not influenced by the changing pulse profile
of RXS J170849.0—400910 (see § 4), we also found the pulsed
flux using an estimator based on the area under the profile (after
baseline subtraction), which is, by definition, insensitive to pulse
profile changes. With this method, we obtained qualitatively sim-
ilar results for the pulsed fluxes.

5.2. Pulsed Flux Time Series for 1E 1841—045

Our pulsed flux time series for 1E 1841—045 is shown in the
bottom panel of Figure 6. Each data point represents the average
of pulsed fluxes measured over ~1 month. Note the increased
scatter after MJD 52,700 is due to decreased effective integration
time, a result of the reduction in the average number of operational
PCUs. The measured pulsed fluxes are consistent with being con-
stant, with their probability of being due to random fluctuations
52%. There is no evidence for any pulsed flux change at the glitch
epochs. Thus the glitches of 1E 1841—045 appear to be “quiet,”
at least in pulsed flux, on timescales comparable to or longer than
our sampling time.

6. DISCUSSION
6.1. AXP Glitches

We have now observed a sufficiently large sample of AXP
glitches that we can make meaningful phenomenological com-
parisons with glitches in radio pulsars, a much better studied phe-
nomenon. Detection of systematic differences in AXP and radio
pulsar glitch properties would be interesting as it could signal
structural differences between magnetars and conventional radio
pulsars.

Figure 15 shows the fractional and nonfractional amplitude
distributions of radio pulsar and AXP glitches. As is clear from
the figure, although the fractional glitch amplitudes of AXPs are
generally large by radio pulsar standards, the AXP absolute glitch
amplitudes, more directly related to the angular momentum trans-
fer during the glitch, are neither especially large nor especially
small. Thus, glitching in neutron stars is clearly not correlated with
frequency as some studies of radio pulsars have suggested (Lyne
et al. 2000).

Given the spectacular radiative outburst contemporaneous
with the large 2002 1E 2259+586 glitch, we can speculate that
larger angular momentum transfers that occur in radio pulsars
could result in even more dramatic outbursts in affected AXPs,
possibly like those seen in XTE 1810—197 (Ibrahim et al. 2004)
and in the AXP candidate AX J1845—0258 (Tam et al. 2006).
Indeed, a recent X-ray burst observed from CXOU J164710.2—
455216 (Muno et al. 2007) has been claimed to be accompanied
by a very large (Av/v ~ 6 x 107>, Av ~ 6 x 107%) glitch (Israel
et al. 2007a), and AXP 1E 1048.1—5937 recently exhibited a
large glitch and flux increase (Dib et al. 2007b and paper in
preparation). However, the lack of any observed radiative change
in 1E 1841—045 around the time of'its first observed glitch, which
was over a factor of 2 larger than that in 1E 2259+586 in terms
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Fic. 15.—Amplitude distribution of AXP glitches (thick line) and radio pulsar
glitches (thin line) for (a) fractional frequency jump and (b) absolute frequency
jump (in Hz). Radio pulsar glitch amplitudes are from an unpublished catalog
kindly supplied by A. Lyne. AXP glitches included here are those listed in Tables 4
and 8, the 2002 1E 2259+586 glitch (Kaspi et al. 2003; Woods et al. 2004), as
well as a recent unpublished 1E 2259+586 glitch (R. Dib et al., in preparation).

of absolute frequency jump, argues against this idea. Clearly, the
data are indicating that AXP glitches, even large ones, can be
either radiatively loud or quiet.

Glitch activity has been defined as

1 Av
49 = Ay D (4)
where At is the total observing span and the sum is over all
glitches, and includes decaying components (McKenna & Lyne
1990). We refer to a, as fractional activity, since it involves the
sum of fractional frequency changes. One can also define an
absolute glitch activity,

1
A, = EZ Av, (5)

where the sum is over the absolute frequency changes (e.g.,
Wang et al. 2000). The quantities a, and 4, introduced for the
study of radio pulsars, are approximately interchangeable for
those objects, given that the range of frequencies encompassed
by glitching radio pulsars is relatively small. By contrast, when
considering AXPs and their much smaller rotation frequencies,
a comparison with radio pulsars for a, and 4, are very different
(see, e.g., Heyl & Hernquist 1999). Also, for establishing the av-
erage amount of spin-up imparted to the crust over time, the total
frequency increase at each epoch is relevant. However, in some
instances, the quantity of interest is the unrelaxed portion of the
glitch, i.e., the permanent frequency jump only. In general, for
radio pulsars, Q is small so this distinction is not important.
However, for AXPs, given the paucity of glitches we have ob-
served thus far as well as the fact that several, particularly the
largest, of these have had large values of O (e.g., O ~ 1 for the
second glitch seen in RXS J170849.0—400910), the distinction
between including the total frequency jump and only the unre-
laxed frequency jump is important. We choose here to remain
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Fi. 16.—Activity parameters vs. age (as estimated from v/27) and versus # for radio pulsars and AXPs. Fractional activity a, is defined using the sum of the frac-
tional frequency changes, while activity 4, is defined using the absolute frequency jumps. The only radio pulsars included ( filled circles) are those having exhibited
three glitches or more during continual (e.g., bimonthly) monitoring, as recorded in the unpublished glitch catalog kindly supplied by A. Lyne. The AXPs included here
(open circles) are RXS J170849.0—400910, 1E 1841—045, and 1E 2259+586. The latter has glitched twice, once in 2002 (Kaspi et al. 2003; Woods et al. 2004), and
once in 2007 (R. Dib et al., in preparation). Only unambiguous glitches were included for RXS J170849.0—400910; as the candidate glitches are small, including them

does not make a qualitative difference.

with convention and include the total frequency jump at each
epoch when calculating a, and 4, although this choice should
be kept in mind.

With 8.7 yr of monitoring of RXS J170849.0—400910, we
can now reasonably calculate glitch activity parameters for this
source using equations (4) and (5). If only counting the unam-
biguous glitches,a, = 2.9 x 10" s land 4, = 2.5 x 10715572,
Including candidate glitches only increases these numbers by
~20%. With three glitches in 7.6 yr, 1E 1841—045 is evidently
a very active glitcher as well. Its glitch activity parameters are
a; =79 x 107 s !and A, =6.7x% 10715 s72. Indeed, A, for
1E 1841—045 is the highest glitch activity seen thus far in any
neutron star, radio pulsar or AXP, to our knowledge. We also
calculated a tentative glitch activity for AXP 1E 2259+586, for
which we have observed two glitches, the well documented one
in 2002 (Kaspi et al. 2003; Woods et al. 2004) and a second,
smaller glitch that occurred very recently and had fractional
amplitude 8.5 x 107 and no recovery (R. Dib et al., in prepa-
ration). Using these events and given that we have observed this

source with RXTE for 9.4 yr, we find a, = 1.7 x107'* s7! and
Ay =24x 1071 s,

We can plot these activities as a function of pulsar age (as es-
timated via spin-down age v/27) and v; see Figure 16. Previous
authors have noted interesting correlations on these plots for
radio pulsars (e.g., Lyne et al. 2000; Wang et al. 2000); these are
seen in our plots as well. Note that upper limits for some radio
pulsars of relevant ages fall well below the apparent correla-
tions (e.g., Wang et al. 2000); we choose not to plot those be-
cause, as discussed in that reference, a single glitch of average
size would bring them roughly in line with the correlation. Note
that the radio pulsar outlier at small age and high v in all plots is
the Crab pulsar, long-known to exhibit few and small glitches.
We also looked for a trend in a plot of a, or 4, versus surface
dipolar field [as estimated via 3.2 x 1019](PP)”2 G] but found
none.

As a group, the AXPs do not especially distinguish themselves
when either activity, a, or 4, is plotted versus spin-down age,
although they do increase the scatter. This suggests a universal
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Fig. 17.—*“Coupling parameter” G (as defined by (Link et al. 1999); see
§ 6.1) as a function of spin-down age (v/2v). Filled points are radio pulsars with
three or more observed glitches, as recorded in the unpublished catalog of A. Lyne.
Open circles are AXPs 1E 2259+586, RXS J170849.0—400910, and 1E 1841—045.

correlation with spin-down age. The same is true of 4, plotted
versus v. However, interestingly, the AXPs as a group all stand
out on the diagram of a,, versus © (Fig. 16), such that for similar
spin-down rates, their fractional glitch activities are much larger
than in radio pulsars.

Link et al. (1999) argued that a, provides a strict lower limit
on the fraction of the moment of inertia of the neutron star that
resides in the angular momentum reservoir (generally assumed
to be the crustal superfluid) tapped during spin-up glitches, /.
They showed that fios/I. > vay/|P| = G, where I, is the moment
of inertia of the crust and all components strongly coupled to it,
and G is a “coupling parameter.” For radio pulsars, they argued
for a universal G that implies I..s/I. > 0.014. It is interesting to
ask whether this same apparently universal relationship holds
for AXPs. Figure 17 shows G plotted versus age for radio pulsars
and AXPs. As is clear, the Link et al. (1999) relation seems to
hold for the radio pulsars, even with increased glitch statistics.
Also, AXPs RXS J170849.0—400910 and 1E 1841—045 lie
among the radio pulsars, suggesting similar reservoir fractions.
However, the outlier point, 1E 2259+586, has G = 0.25, much
larger than the others. Admittedly, for this AXP, a, is estimated
from two glitches only, with the 2002 event greatly dominating,
so the values are tentative. Still, the large G, if real, suggests that
at least ~25% of the stellar moment of inertia is in the angular
momentum reservoir (see also Woods et al. 2004). We note that
the analysis of Link et al. (1999) ignores recovery, important for
the 2002 1E 2259+586 glitch, which dominates its a,. However,
in the 2002 glitch, the recovery fraction was only ~19%, so even
accounting for recovery, G for 1 E 2259+586 is surprisingly high.

As described by Kaspi et al. (2003) and Woods et al. (2004),
the 2002 1E 2259+586 glitch was unusual when compared with
those of radio pulsars. Specifically the combination of the re-
covery timescale and the large recovery fraction Q conspired to
make the pulsar spin down, for over 2 weeks postglitch, at over
twice its long-term average spin-down rate. Although spin-down
rate enhancements postglitch are often seen in radio pulsars (e.g.,
Flanagan 1990), they usually amount to only a few percent. A
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remarkably large postglitch spin-down rate enhancement was
seen also in the second glitch of RXS J170849.0—400910 and
the first observed glitch of 1E 1841—045, although to a lesser
degree than in 1E 2259+586. Of course a much larger increase in
spin-down rate postglitch in RXS J170849.0—400910 or 1E 1841—
045 could have been missed due to our sparse sampling.

One way to quantify the enhanced spin-down more precisely
is using equation (2) at # = 0, and noticing that the instantaneous
spin-down rate at the glitch epoch due to the exponential recovery
is given by Av,/7. Comparing this quantity for the AXP glitches
that show recovery with the preglitch time-averaged spin-down
rate v, we find that for 1E 2259+586 Av,/m = (8.2 + 0.6)r,
Avy/T = (0.64 £ 0.6)r for RXS J170849.0—400910, and
Avg/T = (0.75 £ 0.08)r for 1E 1841—045, all very large by
radio pulsar standards.

The increase in spin-down rate postglitch, at least for radio
pulsars, is generally attributed to a decoupling of a small per-
centage of the moment of inertia of the star, usually presumed to
be part of the crustal superfluid (e.g., Pines & Alpar 1985), with
constant external torque. If the observed AXP recoveries and
temporarily enhanced spin-down rates were interpreted in the
same way, it would imply that very large fractions (ranging from
0.4 to 0.9) of the moment of inertia of the star decoupled at the
glitch, much larger than the crustal superfluid is reasonably ex-
pected to comprise, for any interior equation of state. To avoid
this problem, Woods et al. (2004) suggested that a preglitch ro-
tational lag between the crust and superfluid might have tem-
porarily reversed at the glitch (see also Alpar et al. 2000). Then
the observed larger spin-down rate postglitch would be due to the
crust transferring angular momentum back to the superfluid in
order to reestablish equilibrium.

In glitches, the equilibrium angular velocity lag between the
crust and more rapidly rotating crustal superfluid is thought to
be the origin of glitches. This lag is proposed to develop because
the crustal superfluid’s angular momentum vortices, in many
models (e.g., Alpar et al. 1984a), become pinned to crustal nuclei
and hence are hindered from moving outward as the star’s crust
and associated components are slowed by the external torque.
How this lag could reverse is puzzling. Woods et al. (2004) sug-
gested that a twist of magnitude 1072 rad of a circular patch of
crust offset in azimuth from the rotation axis could result in
sufficient spin-down of the crustal superfluid to account for the
properties of the 2002 glitch in 1E 2259+586. They noted further
that such a twist also produces X-rays of the luminosity observed
in that outburst (Thompson et al. 2002). The absence of any sig-
nificant radiative changes at the time of largest glitches in RXS
J170849.0—400910 and 1E 1841—045 is thus problematic for
the crustal twist, and hence lag reversal, model. We note that it
has been argued independently that a similar suggested lag re-
versal between crust and crustal superfluid in the Vela pulsar is
unphysical (Jahan-Miri 2005).

We also note that the large and long-term increase in the mag-
nitude of v following the large glitch in 1E 1841—045 (see § 3.2)
is also interesting. Alpar et al. (1993) showed that, ignoring tran-
sient terms, Ies/I. > Av/v. For the large 1E 1841045 glitch,
this implies /i./I. > 0.1, much larger than has been seen in any
radio pulsar.

One possibility that can explain the large G for 1E 2259+586,
the large transient increases in the magnitude of # in all three
large glitches, as well as the large extended 2 change in the first
1E 1841—045 glitch, is that core superfluid is somehow involved,
as it is expected to carry the bulk of the moment of inertia. We note
that core glitches have been discussed in the radio pulsar context
for some time, albeit for very different reasons. Although Alpar
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et al. (1984b) argued that the crust and core should be strongly
coupled on very short timescales, Jones (1998) found that crustal
pinning of superfluid vortices cannot be occurring in neutron
stars, because the maximum pinning force is orders of magni-
tude smaller than the estimated vortex Magnus force. Donati &
Pizzochero (2003) argue that crustal vortex pinning cannot occur
for independent reasons. If these authors are correct, pulsar glitches
would generally not originate in the crust.

Why would the clearest evidence for core glitches come from
AXPs? The interaction between vortices and quantized mag-
netic flux tubes in a core superfluid could provide resistance to
outward motion of vortices (Jones 1998; Ruderman et al. 1998;
Jones 2002). The interior magnetic field playing a role in vortex
pinning as studied by Ruderman et al. (1998) could help explain
why such unusual glitch recoveries are seen preferentially in
AXPs, which appear to have much larger magnetic fields than
conventional radio pulsars. Perhaps the larger field, which im-
plies a higher density of flux tubes, can effectively pin more
superfluid vortex lines in a magnetar core; with greater mag-
netic activity, sudden magnetic reconfigurations would result
in large core vortex reconfigurations. We note that Kaspi et al.
(2000) and Dall’Osso et al. (2003) argued that the Ruderman
etal. (1998) model must be inapplicable to AXPs as that model
predicts no glitches for periods greater than ~0.7 s. However, a
more careful reading of Ruderman et al. (1998) reveals that this
prediction does not apply for magnetar-strength magnetic fields.

As pointed out by Kaspi et al. (2000) the high temperatures of
AXPs, as measured from their X-ray spectra, are at odds with
the glitch observations. This is because in the crustal pinning
models, the pinning force is highly temperature dependent, such
that vortex lines can creep outward much more easily when the
temperature is high (e.g., Alpar et al. 1989). This has long been
the explanation (e.g., Anderson & Itoh 1975) for the difference
between the Crab and Vela pulsar glitch behaviors: the hotter
Crab pulsar glitches less frequently and with smaller frequency
jumps because its vortex array can move outward more smoothly.
If this were true, AXPs, having measured effective temperatures
much higher than the Crab pulsar, should glitch less frequently
and with smaller glitch amplitudes than the Crab pulsar, clearly
not what is observed. If we abandon the crustal glitch model (at
least in AXP glitches) the absence of the expected temperature
dependence and the observed universal age correlation could be
explained. For example, as discussed by Jones (1998) perhaps
relatively smooth outward motion of core vortices could take
place before the magnetic flux distribution necessary for imped-
ing them has developed. In this picture, magnetic field distri-
bution, not temperature, is the age-associated property that is a
primary factor determining glitch behavior.

Finally, Campana et al. (2007) argued, on the basis of seven
observations of RXS J170849.0—400910 obtained over ~10 yr,
that observed spectral and flux variations were correlated with
glitch epoch. They predict, given apparent flux increases seen in
mid-2004 and mid-2005, that a glitch should occur soon there-
after (see Fig. 14). Indeed, as we have shown (see Table 4), an un-
ambiguous glitch occurred just following their mid-2005 obser-
vation. On the other hand, the first candidate glitch (Table 5)
occurred when the total flux was very low and apparently declin-
ing. Thus, if there is a causal connection between long-term flux
variations in RXS J170849.0—400910 and glitches, either this
candidate glitch is not a true glitch, or accompanying radiative
changes are only relevant to large glitches. The sparsity of the
total flux measurements, along with the relatively short time-
scale of the pulsed flux variations we report in RXS J170849.0—
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400910, suggest that more dense total flux monitoring could
reveal yet unseen fluctuations that are not glitch-associated. The
flux variability of RXS J170849.0—400910 is discussed further
below.

6.2. Radiative Changes

The approximate stabilities of the pulsed fluxes of RXS
J170849.0—400910 and 1E 1841—045 (see § 5) are in contrast
to those seen for AXPs 1E 2259+586 and 1E 1048.1—-5937,
both of which have shown large pulsed flux variations (Kaspi
etal. 2003; Woods et al. 2004; Gavriil & Kaspi 2004), and even
4U 0142+61 which has shown a slow pulsed flux increase with
time (Dib etal. 2007a). It is interesting that the phase-averaged
flux of RXS J170849.0—400910 has been reported to be highly
variable (Rea et al., 2005; Campana et al., 2007 and Fig. 14),
with changes as large as ~60% in 2004—2005, while the pulsed
flux is not, with maximum contemporaneous change of <15%.
Note that this conclusion holds even when the phase-averaged
fluxes, reported in the 0.5—-10 keV band, are converted to 2—10 keV,
that used for our RXTE observations. This suggests an anti-
correlation between pulsed fraction and total flux that acts to
ensure that the pulsed flux is roughly constant. If so, pulsed flux
is nota good indicator of total energy output for RXS J170849.0—
400910. A similar anticorrelation between total flux and pulsed
fraction has been reported for AXP 1E 1048—5937 (Tiengo et al.
2005; Gavriil et al. 2006, 2007), although in that case the pulsed
flux does not remain constant (Gavriil & Kaspi 2004), but fol-
lows the phase-averaged flux, just with lower dynamic range
(Tam et al. 2007). For RXS J170849.0—400910, the exactness
of the anticorrelation is perhaps surprising. It could be that all the
phase-averaged flux variations are in the 0.5-2 keV band, in-
visible to RXTE. However, this would not jibe with the reported
correlation of the phase-averaged fluxes with power-law index
(Rea et al. 2005; Campana et al. 2007). We also note that in the
phase-averaged flux analysis, the equivalent hydrogen column
Ny was allowed to vary from observation to observation, rather
than being held fixed at a constant. This inconsistency could
bias the comparison, although likely not by a large amount. It
is tempting to question the relative calibrations of the different
instruments used to measure the phase-averaged flux of RXS
J170849.0—400910, as the greatest dynamic range is implied by
lone XMM-Newton and Swift observations, and even the two
Chandra X-Ray Observatory observations were obtained with
different instruments. Still, admittedly, relative systematic cali-
bration uncertainties are not expected to yield a >50% dynamic
range, as is reported. Regular monitoring with a single imaging
instrument could settle this issue.

Changes in pulse profile seem to be generic in AXPs and, as
discussed above, are not always correlated with glitches, although
in some cases, e.g., 1E 2259+586, 4U 0142+61, and possibly
RXS J170849.0—400910, they are. Spectrally no clear pattern
has emerged. In 1E 2259+586, the pulse profile changes follow-
ing its 2002 event were broadband (Woods et al. 2004), while in
4U 0142+61 (Dib et al. 2007a) and 1E 1841—045, they appear
more prominent at soft energies. In RXS J170849.0—400910,
the changes are more apparent in the hard band. In the context of
the magnetar model, this hints at crustal motions and surface
activity, possibly coupled with magnetospheric activity, with the
exact observational manifestation dependent on a variety of fac-
tors ranging from viewing geometry to magnetospheric scatter-
ing optical depth. Whether ultimately this specific phenomenon
will provide insights into the physics of magnetars remains to be
seen.
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7. SUMMARY

We have reported on long-term RXTE monitoring of AXPs
RXS J170849.0—400910 and 1E 1841—045, which has allowed
us to study these sources’ timing, pulsed flux, and pulse profile
evolutions.

We have discovered four new AXP spin-up glitches, one in
RXS J170849.0—400910 and three in 1E 1841—045, plus three
new glitch candidates in RXS J170849.0—400910. Nearly all of
the “classical” AXPs have now been seen to glitch, clearly dem-
onstrating that this behavior is generic to the class. Moreover,
in terms of fractional frequency increases, AXPs are among the
most actively glitching neutron stars known. Further, unlike
radio pulsar glitches, AXP glitches appear to come in two va-
rieties: those that, like radio pulsars, are radiatively quiet in
pulsed flux, and those that are, unlike radio pulsars, radiatively
loud, including correlated sudden flux increases and pulse profile
changes. Thus far there is no clear correlation between AXP
glitch size and whether or not it will be radiatively loud or quiet—
two of the largest AXP glitches thus far were quiet. We have
found a substantial long-term increase in the magnitude of the
spin-down rate in the largest glitch from 1E 1841—045, and have
also shown that large AXP glitches often have recoveries that are
unusual compared with those seen in radio pulsars. Specifically,
their spin-down rates in the days and sometimes weeks after a
glitch are significantly larger in absolute value than their long-
term spin-down rate. This latter effect may indicate a temporary
reversal in the crust/crustal superfluid lag at the time of the glitch,
or possibly more plausibly, and certainly more intriguingly, glitches
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of the core, which could explain the transient and extended # in-
creases, as well as the large G value for 1E 2259+586.
Radiatively, we have found that the pulsed fluxes of RXS
J170849.0—400910 and 1E 1841—045 are both fairly steady with
time. This is perhaps surprising in light of the large changes in
phase-averaged flux that have been reported for RXS J170849.0—
400910, and suggests, unless the latter are affected by system-
atic calibration uncertainties, that pulsed flux for this source, as
for AXP 1E 1048.1—-5937 (Tiengo et al. 2005), is not a good
indicator of AXP X-ray output. Also, the pulse profiles of RXS
J170849.0—400910 and 1E 1841—045 both evolve; such evo-
lution appears also to be a generic property of AXPs. However,
no clear patterns in AXP pulse profile changes have yet emerged
beyond occasional correlation with glitches. Hopefully further
monitoring will shed physical light on this phenomenon.
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