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• State switching  
-- Transient (permanent-like) between different spin down rate states. 

-- It is sometimes associated with the pulsar’s glitch.
-- Change of  the radio pulse profile.

-- ~20 radio pulsars (maybe more….)

• Interpretation
-- Change of  global magnetosphere structure.
-- Free precession (Jones 2012) .

-- .....
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3232 I. H. Stairs et al.

Figure 1. Black points with error bars show the pulse period derivative Ṗ for PSR B1828–11, derived from the frequency-derivative values presented in Lyne
et al. (2010). Blue solid lines indicate the observing epochs for the Parkes and GBT data presented in this paper. The red solid line is a fit to the Ṗ points
incorporating two harmonically related sinusoids of decreasing period as well as a linear slope; see Section 3.2 and equation (1). The cyan solid line indicates
the starting point of data included in the fit.

Table 1. Observations and mode-switching properties. Uncertainties in the last quoted digit(s) are given in parentheses. The
entries in the ’valid data’ column are smaller than those in the ’length’ column for those epochs in which the data are split into
several short files. Because dspsr labels the integrations with integer multiples of 10 s, the data length values are generally
very slight overestimates.

MJD Telescope Ṗ cycle Length Valid Average Number of Transition Peak ratio
phase (s) data (s) state transitions rate (s−1) (W/N)

51579 Parkes 0.330(5) 1510 1 510 0.901 14 0.009 27 0.74
51588 Parkes 0.348(5) 4840 4 520 0.781 83 0.018 36 0.64
51633 Parkes 0.440(5) 11920 10 610 0.445 45 0.004 24 0.48
51742 Parkes 0.662(5) 3320 2 980 1.000 0 0.000 00 0.0
51757 Parkes 0.693(5) 10180 9 050 1.000 0 0.000 00 0.0
51842 Parkes 0.867(5) 14000 12 000 0.021 2 0.000 17 0.46
52041 Parkes 0.275(5) 6620 6 010 1.000 0 0.000 00 0.0
52132 Parkes 0.462(5) 13560 11 140 0.458 36 0.003 23 0.45
52189 Parkes 0.580(5) 15610 13 180 0.351 10 0.000 76 0.46
52261 Parkes 0.728(5) 14400 14 400 1.000 0 0.000 00 0.0
52318 Parkes 0.846(5) 13070 13 070 0.000 0 0.000 00 –
52394 Parkes 0.003(5) 14060 14 060 0.000 0 0.000 00 –
52408 Parkes 0.033(5) 13950 13 950 0.000 0 0.000 00 –
52466 Parkes 0.152(5) 14400 14 400 0.287 1 0.000 07 0.46
52532 Parkes 0.289(6) 10610 10 610 1.000 0 0.000 00 0.0
52625 Parkes 0.483(6) 1350 1 350 0.533 4 0.002 96 0.48
53989 GBT 0.358(10) 15650 15 650 0.473 152 0.009 71 0.54
54047 GBT 0.482(11) 15900 15 900 0.379 29 0.001 82 0.46
54127 GBT 0.653(11) 15270 15 270 1.000 0 0.000 00 0.0
54202 GBT 0.814(12) 17050 17 050 0.119 12 0.000 70 0.45

given the presence of significant radio-frequency interference on
MJD 53989 and the inevitable inclusion of some narrow pulses
within the wide-designated sub-integrations due to the 10-s sub-
integration length. This latter systematic would have the effect
of increasing the height of the wide profile while simultaneously
reducing the height of the narrow one. The apparent small shape
changes in the wide component may be due to a combination of
noise and, again, the admixture of the narrow pulses contaminating
some sub-integrations. The small trailing ’shoulders’ on the narrow
components on these 2 d also suggest such cross-contamination. In
general, it is not possible to distinguish single pulses in these data
(but see Section 4.5), and in any case we are most interested in
the pulse envelope. The narrow and wide pulse profiles look very
similar in shape at all epochs.

To quantify this similarity, we have determined how well the per-
epoch average profiles are fit by linear combinations of the extreme
wide and narrow states, choosing the pairs of profiles on MJD 52466
for the Parkes epochs and on MJD 54204 for the GBT epochs as
the standard profiles, as these dates had good representation of
each state, with only a few, completely unambiguous changes. The
resulting profile residuals are shown in Fig. 5. Their small relative
amplitudes demonstrate that the two extreme profiles are sufficient
to model the pulse. This leads us to conclude that there are most
likely only two profile envelopes visible to us no matter what the Ṗ

phase. This argues against a precession interpretation in which the
impact angle to the magnetic pole is smoothly varying.

Histograms of the wide and narrow segment durations derived
from the fully observed wide and narrow segments (i.e. those not
at the boundaries of the observation) seen for each epoch with
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and there is strong evidence for either correla-
tion or anticorrelation in all six cases (fig. S4). It
is not clear whether the imperfect correlations
are intrinsic or arise from the sparse sampling of
the time series or from measurement errors.

Some of the pulse profiles suggest that in-
creased |v̇| is associatedwith increased amplitude of
the central (often described as core) emission rela-
tive to the surrounding (or conal) emission (Fig. 3).
PSR B1822−09 exhibits a main pulse, a precursor,
and an interpulse (24, 25). For the high-|v̇| state, the
precursor is weak and the interpulse is strong, with
the reverse occurring for the smaller-|v̇| state. Clear-
ly, some changes in v̇ are associated with large pro-
file changes (for example, PSRs J2043+2740 and
B1822−09), whereas smaller profile changes are
also observable if sufficiently high-quality data are
available (as in PSR B1540−06).

Although the main impression given by the
traces in Fig. 4 is that they are bounded by two ex-
treme levels, there are substantial, and often repeated,
subtle changes that are synchronized in both shape
parameter and v̇. The shape parameters for the
observations of PSRs B1822−09, B1828−11, and
B2035+36 imply that they spend most of the time
in just one extreme state or the other. This is essen-
tially the phenomenon of mode changing, which
has been known since shortly after the discovery of
pulsars (26–28, 24). In those papers, pulsars are re-
ported to show stable profiles but suddenly switch to
another stablemode for times ranging fromminutes
to hours. However, the time-averaged values of the
shape parameters depend on the mix of the two
states over the averaging period, and that varies
with time, causing the slower changes in the shape-
parameter curves and the spin-down rate curves.
About 2500 days of detail in the shape parame-
ters and spin-down rates of PSRs B1822−09 and
B1828−11 (Fig. 5) illustrate how a slowly changing
mix of the two states is reflected in the form of the
smoothed shape curves. In PSR B1822−09, the
events centered on modified Julian dates 51100
and 52050 are the sites of slow glitches (13, 14),
which we confirm are not a unique phenomenon
(8) but arise from short periods of time spent pre-
dominantly in a small-|v̇ |, large-precursor mode.

Discussion. The large number of pulsars ob-
served over many years in the Jodrell Bank data
archive has allowed the identification of a sub-
stantial number of pulsars that have large changes
in v̇, some of which also have detectable, correlated
pulse-shape changes. This correlation indicates that
the causes of these phenomena are linked and are
magnetospheric in origin. The physical mechanism
for this link is likely to be that suggested to explain
the relationship between spin-down rate and radio
emission in B1931+24; namely, a change in mag-
netospheric particle current flow (9). An enhanced
flow of charged particles causes an increase in the
braking torque on the neutron star and also in the
emission radio waves.

The link between the spin-down rate and radio
emission properties has not been established pre-
viously, mainly because the time scales of the long-
established phenomena of mode changing and

pulse nulling were much shorter than the time re-
quired to measure any change in v̇. The extended
high-quality monitoring of many pulsars has re-
vealed long-termmanifestations of these phenome-
na and allowed their unambiguous associationwith
the spin-down rates of pulsars, seen as timing noise.

Pulsars can spend long periods of time in one mag-
netospheric state or another, or in some cases switch
rapidly back and forth between states, with the
fractions of time spent in the two states often vary-
ing with time. It has long been suspected that mode
changing and nulling are closely related (29, 30).

Fig. 3. (A to F) The inte-
grated profiles at 1400
MHz of six pulsars that
show long-term pulse-
shape changes. For each
pulsar, the two traces
represent examples of
the most extreme pulse
shapesobserved. The pro-
file drawn in the thick line
corresponds to the largest
rate of spin-down |

.
v|.

The profiles are scaled
so that the peak flux
density is approximately
the same. PSRB1822−09
has an interpulse which
is displayed, shifted by
half the pulse period, in
the second trace below
the main pulse.
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Table 1. Measured parameters of 17 pulsars presented in Fig. 2, as well as PSR B1931+24, which is
also discussed in the text. We give the pulsar names, rotational frequency n, and the first derivative .v,
followed by the peak-to-peak fractional amplitude D .v/ .v of the variation seen in Fig. 2. The pulsars are
given in order of decreasing value of this quantity. We also present the fluctuation frequencies F of the
peaks of the Lomb-Scargle power spectra (fig. S2), with the widths of the peaks or group of peaks given
in parenthesis in units of the last quoted digit.

Pulsar name J2000 name
n .v D .v/ .v F

Comment
(Hz) (Hz s−15 ) (%) (year−1)

B1931+24* J1933+2421 1.229 −12.25 44.90 13.1(7) Intermittent pulsar
B2035+36 J2037+3621 1.616 −12.05 13.28 0.02(2) 28% change in Weq

B1903+07 J1905+0709 1.543 −11.76 6.80 0.36(13)
J2043+2740 J2043+2740 10.40 −135.36 5.91 0.11(5) 100% change in W50

B1822−09 J1825−0935 1.300 −88.31 3.28 0.40(7) 100% change in Apc/Amp
B1642−03 J1645−0317 2.579 −11.84 2.53 0.26(7)
B1839+09 J1841+0912 2.622 −7.50 2.00 1.00(15)
B1540−06 J1543−0620 1.410 −1.75 1.71 0.24(2) 12% change in W10

B2148+63 J2149+6329 2.631 −1.18 1.69 0.33(7)
B1818−04 J1820−0427 1.672 −17.70 0.85 0.11(1)
B0950+08 J0953+0755 3.952 −3.59 0.84 0.07(3)
B1714−34 J1717−3425 1.524 −22.75 0.79 0.26(4)
B1907+00 J1909+0007 0.983 −5.33 0.75 0.15(2)
B1828−11 J1830−1059 2.469 −365.68 0.71 0.73(2)† 100% change in W10

B1826−17 J1829−1751 3.256 −58.85 0.68 0.33(2)
B0919+06 J0922+0638 2.322 −73.96 0.68 0.62(4)
B0740−28 J0742−2822 5.996 −604.36 0.66 2.70(20) 20% change in W75

B1929+20 J1932+2020 3.728 −58.64 0.31 0.59(2)
*Data from reference (9). †Note the presence of a second harmonic at F = 1.47(2) year−1, seen in fig. S2 and
discussed in (10).
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(Lyne et al. 2010)

PSR B1828-11

Radio pulses 
in different spin down states



Is it possible to study the pulsar’s state switching with high-
energy emission?  

• PSR J2021+4026 (isolate)
- Cygnus region 

- Radio quiet pulsar

- Bright gamma-ray source

• Spin down parameters

- P ~ 265 ms

- ! ∼ 4×10'(G
- )*+~3×10./012/4
- τsd ~ 77 kyr
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Fig. 2.— Evolutions for > 100MeV flux (upper panels) and the spin-down rate ḟ (bottom

panels) around the two glitches.The flux and the spin-down rate are calculated with 10 days
and 70-days time bin, respectively. In the bottom panel, the two neighbor blue points overlap

the 60 days data, but the red points have no overlap of data.

Fig. 3.— Pulse profile of J2021+4026 in MJD 58,244-58,561 (LGF/HSD state after 2018

glitch). The pulse profile is generated with photon energy > 0.1GeV.

TS map around Cygnus region

– 9 –

Fig. 4.— Phase average spectra around 2018 glitch. Blue : HGF/LSD state (MJD 57,800-

58,100). Black : LGF/HSD state (MJD 58,250-58550). Fitting parameters for each state
are presented in Table 3.

Fig. 5.— The change of the spin-down rate (△ḟ) vs the spin-down rate (ḟ). Blue :
PSR J2021+4026. Red: Switching pulsar listed in Lyne et al. (2010). Black: Glitching

pulsars (Espinoza et al. 2011).

Gamma-ray spectrum >0.1GeV pulse profile
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• 1st variable gamma-ray pulsar
- Glitch at 2011 October (Allafort et al. 2013)

- Spin down rate increased by ~6%.
- Gamma-ray flux decreased by ~15%.

- Gamma-ray pulse shape changed.

• State switching
- No usual glitch recovery was observed.

- Pulsar had stayed at high-spin 
down/low gamma-ray flux state at 
least ~3 years after the glitch 

(Ng et al 2016, Zhao et al. 2017)

- Recovery was observed around 2014 
Dec. with a time scale of  months. 

2. State switching of  PSR J2021+4026
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Before the glitch After the glitch  

The Astrophysical Journal Letters, 777:L2 (8pp), 2013 November 1 Allafort et al.

Figure 3. Weighted pulse profiles for J2021+4026 in different energy bands, before (left, 1167 days) and after the jump (right, 423 days). Statistical uncertainties
only. Red dashed/dash-dotted line: background level from the spectral fits, including all sources except the pulsar with/without SNR G78.2+2.1. Fit curves overlay
the second rotation: blue dotted lines show the constant and Gaussian components, and solid blue lines show the sums.
(A color version of this figure is available in the online journal.)

The jump is also accompanied by changes in the pulse pro-
file. Furthermore, we found evidence for a small, steady flux
increase preceding the jump. The temporal correlation between
spindown and flux changes strongly indicates that these phe-
nomena are related to the pulsar. While mode changes and other
intermittent behavior are well known for some radio pulsars
(e.g., Lyne et al. 2010), this is the first time such behavior has
been seen at γ -ray energies.

J2021+4026 belongs to a small set of unusual LAT
pulsars—PSR J0633+1746 (Geminga), J1836+5925 and
J2021+4026—the sources in 2PC with the brightest magneto-
spheric emission at all spin phases. They are all radio-quiet, with
phase lags between the main peaks ∆ > 0.5, higher than typical
(Abdo et al. 2013). Finally, although only Geminga has a par-
allax distance (we rely on the SNR association of J2021+4026
and X-ray spectral arguments for J1836+5925), if we adopt the
common assumption that the γ -ray pulse is effectively uniform
on the sky, beaming factor fΩ = 1, then all three have large
efficiencies η = 4πfΩFγ d2/ĖSD ! 1 (d is the distance and Fγ

is the energy flux; see Table 1). J2021+4026 is the most extreme
of the three, with η = 2.3.

All of these attributes point to peculiarity in the γ -ray
beaming. They are most easily understood in the context of the
classical outer gap (OG) model. Romani & Watters (2010) show
that such large peak lag implies small magnetic inclinations
α < 30◦ and near-equatorial viewing angles 80◦ < ζ < 100◦.
For this geometry the pulsars should be radio-quiet, the OG
geometry predicts fΩ ≈ 0.1–0.2 (η < 1) and the Earth line-of-
sight skims nearly tangentially to the peak caustics, producing
complex peak structure and strong off-peak emission (Romani
& Watters 2010). Also, two-pole caustic (TPC) models (Dyks
& Rudak 2003) can produce strong off-peak components for a

wider range of geometries (most with α < 30◦). These models
tend to have single broad pulses at small ζ , but large ζ models
can be double pulsed. Thus, the preferred geometry is similar
to that of the OG case, and should also be radio-quiet. These
models have fΩ ≈ 0.5–0.75, making it harder to accommodate
the observed γ -ray flux. If classical TPC solutions are extended
to higher altitude, then one may recover the broad equatorial
pulses and small fΩ (M. Pierbattista et al. 2013, in preparation).
The nearly aligned rotator viewed at high inclination scenario is
independently confirmed for Geminga due to X-ray observations
of its rotating hot spot (Caraveo et al. 2004).

When emission from near the light cylinder dominates the
pulse, the concentration of the γ -ray beam to a narrow equatorial
strip gives high apparent η and allows small changes in magnetic
field morphology or even in α to move a substantial fraction of
the γ -ray beam over the line of sight, giving large fractional
changes to the pulse profile and fΩ. For young pulsars, we
expect the γ -ray luminosity to scale with

√
ĖSD (e.g., Harding

1981; Abdo et al. 2013). The decrease in flux rate associated to
an increase in spindown rate after the jump strengthens the case
that beaming must play a key role.

Therefore, we can speculate that the jump of J2021+4026
represents a shift in the magnetic field structure, leading to either
an effective α change or an effective current change. These may
be precipitated by a reconfiguration of field line footpoints at
the surface, i.e., in the crustal layers, that modifies the overall
magnetic dipole torque on the star. There is no reason to expect
that the resulting spindown increase should enhance the solid-
angle integrated luminosity of the pulsar γ -ray emission, since
the principal effect is that of a modified beaming. If the slow
variation in the pulsar flux before the jump is substantiated
by additional study, this might plausibly be associated with

6
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Figure 3. Weighted pulse profiles for J2021+4026 in different energy bands, before (left, 1167 days) and after the jump (right, 423 days). Statistical uncertainties
only. Red dashed/dash-dotted line: background level from the spectral fits, including all sources except the pulsar with/without SNR G78.2+2.1. Fit curves overlay
the second rotation: blue dotted lines show the constant and Gaussian components, and solid blue lines show the sums.
(A color version of this figure is available in the online journal.)

The jump is also accompanied by changes in the pulse pro-
file. Furthermore, we found evidence for a small, steady flux
increase preceding the jump. The temporal correlation between
spindown and flux changes strongly indicates that these phe-
nomena are related to the pulsar. While mode changes and other
intermittent behavior are well known for some radio pulsars
(e.g., Lyne et al. 2010), this is the first time such behavior has
been seen at γ -ray energies.

J2021+4026 belongs to a small set of unusual LAT
pulsars—PSR J0633+1746 (Geminga), J1836+5925 and
J2021+4026—the sources in 2PC with the brightest magneto-
spheric emission at all spin phases. They are all radio-quiet, with
phase lags between the main peaks ∆ > 0.5, higher than typical
(Abdo et al. 2013). Finally, although only Geminga has a par-
allax distance (we rely on the SNR association of J2021+4026
and X-ray spectral arguments for J1836+5925), if we adopt the
common assumption that the γ -ray pulse is effectively uniform
on the sky, beaming factor fΩ = 1, then all three have large
efficiencies η = 4πfΩFγ d2/ĖSD ! 1 (d is the distance and Fγ

is the energy flux; see Table 1). J2021+4026 is the most extreme
of the three, with η = 2.3.

All of these attributes point to peculiarity in the γ -ray
beaming. They are most easily understood in the context of the
classical outer gap (OG) model. Romani & Watters (2010) show
that such large peak lag implies small magnetic inclinations
α < 30◦ and near-equatorial viewing angles 80◦ < ζ < 100◦.
For this geometry the pulsars should be radio-quiet, the OG
geometry predicts fΩ ≈ 0.1–0.2 (η < 1) and the Earth line-of-
sight skims nearly tangentially to the peak caustics, producing
complex peak structure and strong off-peak emission (Romani
& Watters 2010). Also, two-pole caustic (TPC) models (Dyks
& Rudak 2003) can produce strong off-peak components for a

wider range of geometries (most with α < 30◦). These models
tend to have single broad pulses at small ζ , but large ζ models
can be double pulsed. Thus, the preferred geometry is similar
to that of the OG case, and should also be radio-quiet. These
models have fΩ ≈ 0.5–0.75, making it harder to accommodate
the observed γ -ray flux. If classical TPC solutions are extended
to higher altitude, then one may recover the broad equatorial
pulses and small fΩ (M. Pierbattista et al. 2013, in preparation).
The nearly aligned rotator viewed at high inclination scenario is
independently confirmed for Geminga due to X-ray observations
of its rotating hot spot (Caraveo et al. 2004).

When emission from near the light cylinder dominates the
pulse, the concentration of the γ -ray beam to a narrow equatorial
strip gives high apparent η and allows small changes in magnetic
field morphology or even in α to move a substantial fraction of
the γ -ray beam over the line of sight, giving large fractional
changes to the pulse profile and fΩ. For young pulsars, we
expect the γ -ray luminosity to scale with

√
ĖSD (e.g., Harding

1981; Abdo et al. 2013). The decrease in flux rate associated to
an increase in spindown rate after the jump strengthens the case
that beaming must play a key role.

Therefore, we can speculate that the jump of J2021+4026
represents a shift in the magnetic field structure, leading to either
an effective α change or an effective current change. These may
be precipitated by a reconfiguration of field line footpoints at
the surface, i.e., in the crustal layers, that modifies the overall
magnetic dipole torque on the star. There is no reason to expect
that the resulting spindown increase should enhance the solid-
angle integrated luminosity of the pulsar γ -ray emission, since
the principal effect is that of a modified beaming. If the slow
variation in the pulsar flux before the jump is substantiated
by additional study, this might plausibly be associated with
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• New state change:
- New glitch was observed at 2018 Feb (Takata et al. 2019). 

- The pulsar has entered new high-spin down/low gamma-ray flux state
- Current spin down rate and emission properties are consistent with the 

previous HSD/LGF state

- Switching was probably  occurred with a time scale less than 10days.

2. State switching of  PSR J2021+4026
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Fig. 2.— Evolutions for > 100MeV flux (upper panels) and the spin-down rate ḟ (bottom

panels) around the two glitches.The flux and the spin-down rate are calculated with 10 days
and 70-days time bin, respectively. In the bottom panel, the two neighbor blue points overlap

the 60 days data, but the red points have no overlap of data.

Fig. 3.— Pulse profile of J2021+4026 in MJD 58,244-58,561 (LGF/HSD state after 2018

glitch). The pulse profile is generated with photon energy > 0.1GeV.

Around the glitch (10 days time bin)~10 years evolution of  >0.1GeV flux and spin down rate

2011 Oct. 2018 Feb. 2011 glitch 2018 glitch
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• Switching between different states:
- Glitch interval is probably !"#$%&'~6-7 years

- The glitch triggers a state change from high gamma-ray flux/low spin down 
state (HGF/LSD) to low gamma-ray flux/high spin down state  (LGF/HSD).

- Every LGF/HSD may continue about ~3 years. 

2. State switching of  PSR J2021+4026

HGF/LSD LGF/HSD HGF/LSD LGF/HSD

(next recovery?)
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3. Discussion

• Gamma-ray emission occurred near the light 
cylinder.

àGlobal change of  the magnetosphere

• Rare event
- >200 gamma-ray pulsars (~100MSPs).

- ~50 glitching gamma-ray pulsars.

- Only J2021+4206 is variable.

• Glitch affects polar cap structure?
- Fraction covering the surface by PC: ∆

̇ #/
̇ #
10

'(

Glitch size of gamma-ray pulsars
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0~0.2 4
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3. Discussion

• PSR J2021+4026 may be similar 
to switching radio pulsar?

– 9 –

Fig. 4.— Phase average spectra around 2018 glitch. Blue : HGF/LSD state (MJD 57,800-

58,100). Black : LGF/HSD state (MJD 58,250-58550). Fitting parameters for each state
are presented in Table 3.

Fig. 5.— The change of the spin-down rate (△ḟ) vs the spin-down rate (ḟ). Blue :
PSR J2021+4026. Red: Switching pulsar listed in Lyne et al. (2010). Black: Glitching

pulsars (Espinoza et al. 2011).

Spin down rate vs. Jump of  spin down rate 

PSR J2021+4026
Switching radio pulsar (Lyne et al. 2010)

• Other glitching pulsars

∆#̇
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)
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• PSR J2021+4026 and switching 
radio pulsars  pulsars have large 
jump in spin down rate.



3. Discussion

• Several possibilities of   the state change;
(a) Change of  polar cap structure

(b) Twisted magnetic field
(c) Precession 

(a) Change of  polar cap structure
- Plate tectonic activity (Ruderman 1990; Cheng and Dail 1998)

- The crust cracking due to the magnetic shear stress causes 
a glitch à displacement of  plate basing of  the PC.

• Size of  displacement

- Size of  the polar cap accelerator  ~103cm 
- Global current  is related to the spin down rate

!"#$%&'()(*+ (-ℓ)
0*+(12&% (3456789)

~
;<=
3>?

-ℓ~10B')
3456789
7D1#

3>?
70ED1#

FG

~
10

H '
)

J̇ ∝ L8MN

~
10

H '
)

• Either increase or decrease
• ∆J̇ ≪ J̇ (since always L8MN~LZ[)



3. Discussion

(b) Twisted magnetosphere
- Additional magnetic dipole 

momentum/open file lines affect to the 
spin down rate :       "̇ ∝ $%&'()*+

- Example : XTE J1810-197 (magnetar), 
PSR J1119-6127 (High-B radio PSR )

- ∆"̇ ~"̇ is possible. 

- In this case, the increase of  the X-ray 
emission owing to host spot of  footprints 
of  twisted magnetic field lines is expected.

- For PSR J2021+4026, however, no 
change of  the X-ray emission were 
observed (Wang et al. 2017)

magnetic energy as HB ! ðB2
!R

3Þ $ R when the twist is
moderately large, B! ! B". This means that the magnetic
energy is minimized at fixed helicity if the helicity is concen-
trated close to the star. Indeed, the current density decreases
toward the magnetic axis in these self-similar solutions [as
Jð"Þ ! "2 in the case of a modest twist, D!N-Sd1].

3.1. Effects of Slow Rotation

We have constructed self-similar solutions to the force-
free equation in the infinite volume outside a nonrotating

spherical surface. A real neutron star rotates, and its rigidly
corotating magnetosphere has a finite extent,
R sin " % cP=2# & Rlc (Goldreich & Julian 1969). Close to
this speed-of-light cylinder, the rotation will itself cause the
field lines to be twisted (Michel 1991; Mestel & Pryce 1992),
but in a different sense than in the static, twisted magneto-
sphere. Here we discuss some basic effects of slow rotation,
corresponding to an angular velocity of rotation
!5 c=RNS.

The rotational sweeping of the magnetic field lines indu-
ces an electric field

E ¼ ( 1

c
ðX! RÞ! B ; ð12Þ

as measured in a background inertial frame. Here X is the
angular velocity of the star. The component of E parallel to
B is cancelled if the closed field lines support a net charge
density

$ ¼ 1

4#

D

xE ¼ 1

4#c
X x (2B þ R!

D

! Bð Þ½ +

¼$GJ þ $twist : ð13Þ

A second term

$twist ¼
1

4#c
X x R!

D

! Bð Þ½ + ’ 1

c2
X x ðR! JÞ ð14Þ

is now present, as compared with the analysis of Goldreich
& Julian (1969). (The second equality in this expression
applies to field lines that close well inside the light cylinder.)
Thus, a current flowing in a rotating magnetosphere gener-
ates a charge density

$twist
J=c

! R

Rlc
; ð15Þ

Fig. 2.—Radial index pof the magnetic flux function P (eq. [3]) plotted
vs. the net twist angle D!N-S ¼ D!ð"! 0Þ between the north and south
magnetic poles (eq. [8]). The field scales asB /r(ð2þpÞ.

Fig. 3.—Example of a twisted, self-similar, force-free magnetosphere, with net twist angleD!N-S ¼ 2 rad. Only a small number of field lines are plotted here.
The field lines protruding from the top right and bottom left corners of the star are anchored in theX-Z plane, at regular intervals Dl ¼ 0:1. Dashed lines indi-
cate that the field is projected behind the star. A pure dipole is shown for comparison.
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Glitch

(Thompson et al. 2002)

Spin down evolution 
after the 2016 glitch 
of PSR J1119-6127
(Archibald et al. 2019)



3. Discussion

(c) Precession
- Free precession can explain timing noise of  

some pulsars.

• Application to PSR J2021+4026
- Ellipticity 

!~#$%&'#%()
⋅ +%()+$,-(

∼ 1012 #$%&'
0.276

#%()
7786

+%()
+$,-(

- Wobble angle

9~ ∆<̇
<̇ ~2∘

- These are typical values inferred from 
other pulsars. 

Note:  The difficulty of  this scenario is how 
explains the observed abrupt change in >̇ with a 
time scale <10days of  PSR J2021+4026. 

(Ng 2010)

PSR J2021+4026
Free precession model



• PSR J2021+4026 shows repeating glitch event with an interval ~7 years.

• The glitch triggers a state change from high gamma-ray flux/low spin 
down state to low gamma-ray flux/high spin down state. 

• PSR J2021+4026 can be  another example state switching pulsar.

• Glitch changes the structure of  the global magnetosphere.

- It would be caused by the change of  structure of  the polar cap 
accelerator owing to plate tectonic activity.

Summary
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Thank you !!


