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e Crust: electromagnetic braking
e lag between crust and superfluid

e pin -->unpin: glitch
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o over 500 glitches observed in radio pulsar

o radio glitches
« JBO (Espinoza et al., 2011)

o Parkes Observatory (Yu et al., 2013)
e ALL of them are glitch
o spin-up after the glitch

e Anti-glitch
o 7 anti-glitches

o Only 2 magnetars + 2 accreting pulsar
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e magnetar, rotating NS with high magnetic field

e more burst activities

o prolate shape --> spherical shape
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Glitch observations

1970

Year

1980 1990 2000 2010 2020

ol

40000

Youli Tuo @FPS13 Kunming

45000 50000 55000
Modified Julian Date (Days)



EBERHARD KARLS

UNIVERSITAT
TUBINGEN

e Magnetar + glitch
o 1E2259+586 spin-up glitch (Younes et al.,
2020)
« SGR1935 giant glitch before FRB (Ge et al.,
2022)
e SGR1935 glitch associate with FRB (Hu et al.,
2024 Nature, 626, S00)

e Magnetar + anti-glitch
e 1E2259+586 first discovered anti-glitch
(Archibald et al., 2013, Nature, 497, 591.

e SGR1935+2154 spin-down glitch associated
with FRB (Younes et al., 2022, NatAst, 7, 339)

e RPP + Spin-up glitch

e most of the ordinary pulsar endure such
glitch (Yu et al., 2013, MNRAS, 429, 688)
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Glitch observations

SGR 1935 credit: Archibald et al., 2013]
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Glitch observations 8

e Magnetar + glitch
o 1E2259+586 spin-up glitch (Younes et al.,
2020)

« SGR1935 giant glitch before FRB (Ge et al.,
2022) magnetar
e SGR1935 glitch associate with FRB (Hu et al.,
2024 Nature, 626, S00)

e Magnetar + anti-glitch
e 1E2259+586 first discovered anti-glitch

(Archibald et al., 2013, Nature, 497 591]

e SGR1935+2154 spin-down glitch associated : : : _ _ _
with FRB (Younes et al., 2022, NatAst, 7, 339) g"tCh antl-glltCh g"tCh antl-glltCh

e RPP + Spin-up glitch ?
e most of the ordinary pulsar endure such
glitch (Yu et al., 2013, MNRAS, 429, 688)
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e Discovery: early 1980s through the

-8 L
107 B . =100

Einstein X-ray Observatory.

e Location: supernova remnant SNR 0540- ool
693 (1140 yr-old), within the Large
Magellanic Cloud 7
o age: ~1100 yr-old; ~
o magnetic field: -BI2-BI3 P

10—16 .

e Timing properties

10—18 s

e Spin Period: ~50 milliseconds

e Large Spin-down rate:

00t At o
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v~ —2352%x 107"V Hz - s A Binary
[] HighEnergy -
B AXPs & SGRs
1 1 L [ ] 1 1 1 II 1 1 1 1 1 1 1 ll 1 1 1 1 [ ] 1 1 II 1 1 1 1 [ ] 1 [ A | 1
1073 1072 1071 10° 10!

07/15/24 Youli Tuo @FPS13 Kunming 6



EBERHARD KARLS

UNIVERSITAT
TUBINGEN

e phase evolution of pre-glitch timing solution
e glitch model fitting residuals
° ¢g — Al/(t — tg)+

| 5
EAI/(ZL — tg) +

[1— e~ /7). Ay z,
« Av=(-1.04%0.07) x 10~' Hz
e AU=(-74%+62)x10"PHz-s!
e |Av/v| =5.28 %1077 : micro-glitch
e NO exponential term observed

e pulsed flux remain constant

e no associated triggered burst
e NICER
« GBM

e No pulse profile variation
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Results: glitch properties
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e phase evolution of pre-glitch timing solution
e glitch model fitting residuals
° ¢g — Al/(t — tg)+

| 5
EAI/(ZL — tg) +

[1— e~ /7). Ay z,
« Av=(-1.04%0.07) x 10~' Hz
e AU=(-74%+62)x10"PHz-s!
e |Av/v| =5.28 %1077 : micro-glitch
e NO exponential term observed

e pulsed flux remain constant

e no associated triggered burst

e NICER
e GBM

e No pulse profile variation
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Parameters Values
R.A. (J2000) 05"40™10.84°
Decl. (J2000) —69°19'54.2" ol
v (Hz) 19.636085141(2)
v (x1071"Hz - s71) —2.521868(3)
U (x10721 Hz - s~2) 4.6(1)

Epoch (MJD)

Valid Range (MJD)
Ephemeris

Av (x10~ " Hz)

Av (x10719Hz-s71)
ty (MJD)

Av/v (x107Y)

r.m.s residual (ps)

60041.21699

59901-60318
JPL-DE430

0.076
+6.
—147g]

5.306 ") 03+

60132.158 15223

829.8
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Possible Anti-glitch Interpretation

e External processes or Internal processes?

e External processes
o Change in internal magnetization [Mastrano et al. 2015] == Strong B

o decay of its internal toroidal magnetic field: prolate --> spherical

 QOutflow along the open field lines [Thompson 2000; Granot 2006
 Wind braking model for magnetar [Tong 20161
 Meteoroid hit [Huang and Geng 2014]

e Internal process
e trapped ejecta model [Yim et al., 2024]

e Crust-superfluid exchange under certain conditions [Kantor 2014]
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Trapped ejecta Model

e ejecta M, emitted from magnetic pole

e trapped within co-rotation radius R,

e moment of inertia decrease

e PSR B0S540-69:

« R =123R,

« magnetic inclination angle a?
e Possible

e requires large a
e expels to large height

e Problem

o free precession of NS

o polarization/timing/pulse profile modulation/GW
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Crust-superfluid exchange

e Angular momentum exchanges + Mass exchanges

e Angular momentum conservation
o [Q o+ 1Q20=1,Q.+ 1, (0:pre-glitch, 1I: post-glitch, s: superfluidity, c: crust)

e Taylor expansion
o 10Q.0+ [oQy = [Lo+ L(SQ, — 5Q)(Q.o + Q) + [Ly + L(5Q, — §Q)1(Qy + 5,
o wherel. = — I = dI /d(AQ) (over rotation lag AQ)

Outer crust

o yields the variation of crust angular velocity on lattice, electrons T
. Inner crust
ISO — ICAQO I;Ieei\é:;osn lattice
5QC — . 5QS superfluid neutrons
) Lo+ 1.AQ
c( C 0 Outer core o »

superfluid neutrons

. 5@6 > O: 'normal' glltch srpirconducting protons
e 0L2. < 0:anti-glitch = |fS | AQy > [,

Inner core

hyperons ?
meson (n, K) condensates ?
deconfined quarks ?
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e Spin-down glitch requires 2 condition

o high temperature

e young pulsar, hot surface ->

I

core

Physical Conditions

0.1
-10% — 10°K

[credit: Kantor et al., 2014]

o large lag between superfluid and crust
o spin-down rate transition event

o lag established since the previous glitch

e AQ, ~ 0.88rads™!

Io/1

— T=5x10°K

- 8 x 107K

103K

e This model is plausible

o rarity of anti-glitch

o imply the high core temperature of NS
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Takeaways

e [he first anti-glitch discovered in ordinary (rotation-powered) pulsar
e Radiatively quiet nature of such anti-glitch
e Internal process of Neutron Star

e angular momentum exchanges

e mass redistribution between the crust and core
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e phase evolution of pre-glitch timing solution

e glitch model fitting residuals
° ¢g — Al/(t — tg)+

| 5
EAI/(t — tg) +

[1 _ e—(t—tg)/’t'd] i AUde

e Av=(—1.04%0.07)%x 10" Hz

e AU=(-74%+62)x10""Hz-s™!

e |Av/v| =5.28 %1077 : micro-glitch
e NO exponential term observed

e pulsed flux remain constant

e no associated triggered burst

e NICER
e GBM

e No pulse profile variation
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e Phenomenological model (Antonelli et al., 2020)

Ad(t) = 0(t) |Avdt + AyyT (1 — e °7) + %Jtz

o
e consistent with the previous glitch model

e recovery/overshooting term is marginal

0.00 025 050 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00
(t—=tg)/T (t—to)/T
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backup: Phenomenological model

- +0.00
nu = 19.64%500
. e R

5y
lllllll

' ' nu_d‘dot ='0.00’_“'8;88

xxxx

1
i omega_inst = —0.00+$:39
————— .

4 omega_0 = —0.00+383
e , 20

t_glitch = 60139.33733¢

omega_0 labmda t_glitch
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backup: r-mode oscillation &

e PSR B0540-69 locates in a STABLE region
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backup: Possible burst

e NICER burst-like background

0O Figure 1

Light Curve with 3 Sigma Outliers (PI=1000-1500

— Smoothed Light Curve
Background Level
200 - ® 3 Sigma Outliers

Counts

—0.0002 0.0000 0.0002 0.0004 0.0006 0.0008
Time (M)D) +6.0134280000e4

A €>PH Q= x=60134.280492 y=103.5

07/15/24 Youli Tuo @FPS13 Kunming



EBERHARD KARLS

UNIVERSITAT
TUBINGEN

backup: How marginal is exponential term?
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