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P(spin) & B(mag) of NS 
Conservations of ang mom/mag flux amplify by a factor 

~1010 ~(  𝑅𝑓 𝑅𝑖)
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• 𝑃~𝑃𝑖(  𝑅𝑓 𝑅𝑖)
−2= 𝑚𝑠 − 𝑠 Radio PSRs

• 𝐵~𝐵𝑖(  𝑅𝑓 𝑅𝑖)
2= 1012𝐺 Radio PSRs

•  ∆𝑃 𝑃~  ∆𝑃𝑖 𝑃𝑖  ∆𝐵 𝐵~  ∆𝐵𝑖 𝐵𝑖 Scatter of 𝑃𝑖 , 𝐵𝑖 ?

• SN simulation -> specific cond.  Fast Rot. + Strong mag.

• Not so extreme in dynamics

•  𝐸𝑘 𝐸𝑔~10
−3 (  𝑃 10𝑚𝑠)2

•  𝐸𝑚 𝐸𝑔~10
−12 (  𝐵 1012𝐺)2

~10−6 for magnetar 𝐵 = 1015 𝐺

possible up to    𝐵 = 1018𝐺
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Brief review of Magnetic 
White Dwarfs 

• Some hints?

• Simple scaling is never allowed

𝐵~103 − 109𝐺 in WD

->   × 106 ∝ 𝑅−2 = 1015𝐺 (magnetar?)

• Numbers increased, but still inconclusive

Ref 

e.g., Ferrario, L + (2015)Sp. Sci. Rev.
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Quick review of mag. WD 1  

Upper limit
Real 

Lower limit?
Obs. limit

B~109𝐺

B~103𝐺

No evolution



Quick review of mag. WD 2
Distribution

More massive mag. WD

+ Complex non-dipolar B field?
(time-resolved spectropolarimetry)

Mag. WD



Quick review of mag. WD 3
B vs P

Two classes?
{ Slow+ strong }

Another



Implications 
Progenitor of MWD 
No correlation MWD and Binary(non-degenerate star)

Mechanism still under debate
 Fossil
 Dynamo (differential rot….-> strong B)

in common envelope at merging phase  (hypothesis)
-> massive?,  non-dipole? 

Summary of this part
MS -> WD (B~106𝐺)            unknow high end
MS   -------> NS (B~1012𝐺) 
a general picture

Mag.  +dynamo?   B~1015𝐺
CCO.  +fall back? B~1010𝐺
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Progenitor of magnetar  &
Origin of magnetic fields

• Associated with SNR?  Information of progenitor 

Yes / No

• Massive progenitor ?  CXOUJ1647102

But          light?     SGR1900  

-> inconclusive

Theoretical interest: Conditions for dynamo action

Massive or not        fast or slow at birth

-> multipole field generation ?

->Observation of Polarization? 11



New era?

Frontiers of X-ray astronomy 1991
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Distribution
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Magnetic field 
evolution is NOT 
established in 
PSR,  but …

Yes!
New era!



Magnetic field decay in MAGNETARS

Age problem :

𝜏𝑐> 𝑡𝑎𝑔𝑒≈ 𝑡𝑆𝑁𝑅
AXP 1E 1841-045 (Kes 73) AXP 1E 2259+586 (CTB 109)
CXOU J171405.7-381031 (CTB 37B) SGR 0526-66 (N49)
SGR 1627-41 (G337.0-0.1)

field decay or a slow rotator at birth

𝜏𝑐≡  𝑃0  2𝑃0 = ( 0
𝑡0𝐾𝑑𝑡 +𝑃𝑖𝑛𝑖

2 /2 )/𝐾(𝑡0) >𝑡0
 Thermal luminosity excess

->Magnetar activity
𝐿𝑥𝑡 ≈ 1035(  𝑒𝑟𝑔 𝑠) 104𝑦 ≈ 1046𝑒𝑟𝑔 ≈ ∆𝐸𝑚𝑎𝑔(𝐵14.5)

 Luminous for stronger one? ∝ 𝐵𝑝
𝑎 𝑎 > 2?
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-> High resolution Spectroscopy for SNR age



Lx-Bp diagram  Coti Zelati et al(18) MN 

𝐿𝑥 ∝ 𝐵𝑝
2 ∝  𝑑𝐸𝑚𝑎𝑔 𝑑𝑡 → 𝐵𝑝

𝑎 𝑎 = 2, 3?

23?



Timescale 
What determines an appropriate timescale?

𝑡 = 103 − 105𝑦
Many theoretical models ( a few below)
• ?Core
Microphysics   Gusakov+(17)
A model          Ofengeim+(18)
• ?Crust

-> Coupling with magnetosphere
Akgun+(17,18)
• Multipoles?

• After magnetar activity,  evolution to XDIN?
16
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Decay time scale of magnetic fields in core   I
M. E. Gusakov, E. M. Kantor, and D. D. Ofengeim

Phys. Rev. D 96, 103012 

Modified URCA
𝑛 + 𝑛 → 𝑛 + 𝑝 + 𝑒 + 𝑣
𝑛 + 𝑝 + 𝑒 → 𝑛 + 𝑛 + 𝑣

T<1kys

𝑡 ∝ 𝐵−2 Possible mechanism

1



Direct URCA
𝑛 → 𝑝 + 𝑒 + 𝑣
𝑝 + 𝑒 → 𝑛 + 𝑣

T<1kys

Decay time scale of magnetic fields in core   II
M. E. Gusakov, E. M. Kantor, and D. D. Ofengeim

Phys. Rev. D 96, 103012 



D. D. Ofengeim and M. E. Gusakov(18)
Phys. Rev. D 98, 043007(18)
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𝑣 = 10−6𝑐𝑚𝑠−1

= 10−4𝑘𝑚𝑦𝑟−1

1kyrs

Result depends on 
initial setup 

𝜕𝑡𝛿𝐵 = −𝛻 × 𝛿𝐸

𝛿𝜇
fluctuation



Coupling between crust and magnetosphere 
Long-term evolution of the force-free twisted magnetosphere of a 

magnetar
Akgun + Mon Not R Astron Soc. 2017;472

Initial 10^3 yrs

Crust enlarged for display

1 k yrs

Burst/Flare
∆E ≈0.4× 𝐸𝑚𝑠,14

≈ 1044𝑒𝑟𝑔
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Comment 

• ? Explosion at 1kyrs

E=10^44 ergs @Bs=10^14G

• Or  breakdown of the model

?BC at interface

?Initial model

?...

Burst/Flare
∆E ≈0.4× 𝐸𝑚𝑠,14

≈ 1044𝑒𝑟𝑔

∆E = E𝑚𝑎𝑥 −E𝑣𝑎𝑐

Open field for  
∆E

E𝑣𝑎𝑐
>0.66

∆EBurst ≈ E −E𝑜𝑝𝑒𝑛

Wrong estimate
Theoretically Impossible

Magnetosphere 



Developing of numerical study of 
magnetosphere

Classical picture
Stationary + axisymmetric

Present
3D+TD +GR  +multipole

FFE  (MHD) 
Spitkovsky(06), Kalapotharakov+(12)…

PIC 
Ab initio simulation
[Shibata+(07)…] Philippov+(15)…

Revolution!



Recent works
PIC / FFE

ALL PANELS SHOW RAY-CASTING VOLUME RENDERINGS OF B. THE ROTATION AXIS Z IS THE VERTICAL AXIS, AND THE VOLUME RENDERINGS ARE GENERATED USING A VARYING-ALPHA 

Carrasco +PRD(18)
FFE +GR 

Ex

Philippov +ApJ(17)
PIC+multi B+GR 



Regular, better?
Singular->pathology?

New trend

• Singularity -> magnetic reconnection->

new emission region!

• Checked by Observation

Phase-resolved spectroscopy

Y-point

Philippov +15 PIC

𝜌𝑒 𝑗𝑟

𝐸𝜃 = 𝐵𝜑

Current sheet



EM structure & Luminosity

Split-monopole

<𝐵𝜑 >= <𝐸𝜃 >= −𝐵𝐿𝜔𝑅𝐿
2𝑟−1𝑠𝑖𝑛1𝜃

4𝜋<𝑃𝑒𝑚 >= (𝐵𝐿𝜔𝑅𝐿
2)2𝑟−2𝑠𝑖𝑛2𝜃 → 𝐿 = 𝐵0

2𝜔4𝑅6 × 2

3

Magnetic dipole rotator in vacuum

4𝜋<𝑃𝑒𝑚 >= (𝐵𝐿𝜔𝑅𝐿
2)2𝑟−2 𝑠𝑖𝑛2𝜃𝑠𝑖𝑛2𝛼

→ 𝐿 = 𝐵0
2𝜔4𝑅6 × 1

6
𝑠𝑖𝑛2𝛼

Mag. Quadrupole  <𝑃𝑒𝑚 > ∝ 𝑠𝑖𝑛2𝜃𝑐𝑜𝑠2𝜃
FFE  model(numerical sol.) 

<𝐵𝜑 >= <𝐸𝜃 >≈ −𝐵𝐿𝜔𝑅𝐿
2𝑟−1𝑠𝑖𝑛2𝜃 ×. .

4𝜋<𝑃𝑒𝑚 >≈ (𝐵𝐿𝜔𝑅𝐿
2)2𝑟−2𝑠𝑖𝑛4𝜃

𝐿 ≈ 𝐵0
2𝜔4𝑅6 × (1

4
+
1
4
𝑠𝑖𝑛2 𝛼 )

Maybe a mixture of …



Concluding Remark

New era
GW  Astron. -> M, R, EOS

SKA -> Increasing PSRs

Different species of NS?, evolutionary track ?

Individual sources and theory

Activating gathering 

are important

Thank you
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