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P-Pdot diagram for isolated neutron stars
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Surface dipolar B-field at pole (10'% Gauss)

Neutron stars form are

observed across the
electromagnetic spectrum

Dipolar magnetic field at the
pole of the star:

B, = 6.4 x 10"/ PP

Characteristic age:

P

2P

T, —
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Quiescent X-ray luminosity (1033 erg s™1)
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Observations: thermal X-ray luminosity, real age, P and Pdot
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“Need for coupled magneto-thermal simulations to explain the luminosity and the evolution path of different

isolated neutron stars” — [Vigano et al. 2013].
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Observations: Magnetars

103
(LE1841-045 CRO526.66 I — o Magnetar-like emission ;| o Magnetar-like emission SGR1900414 1806
0 10 g s@SG 806-20
| CXOUJ010043.1-721 %z Rotation-powered o XDINSs Swift/1818.0-1607 CX0lj171405.7-3820
SGR1806 256N T1355.2:5402 58R1900+14 P 7 Dlersersugg S0 66 1#1048. 9155913874 e
-0 ] o XDINSs r CCOs SGRJ1745-29000 _ 10! ~
~ 102 CXOUJ171405.7-381¢°  1E1048.1-5937 oLRXS/170849.0-4009 Swift|155 525@5 o1RXS/170849.0-4009 0
7- : o : SGR1627-41 cxou10 0043.1-721
|m “1E2259+586 » CCOs 1000 ¢ Rotation-powered FSR1846.0258 SGRJl935+21549Nf 18349P058R11622 4950 SGRJ1830-0645 ‘3
ft]1834.9-
0 ' PSRJ1119-6127 SGRj0501+451 (v
o ATNF Radio Pulsars ¢ oy, U 0
GL) 6350.1.0.3 PSRJ1846-0258 HESS|1731-347 SGRJ1830-0645 N BSRILT18.3718 O4u0142+614 o
24 B0102-72.3-SMCY®  SNR Kes79 T KTEJ1810-197 n ‘ !
m 10 SGRJ1745-2900. A | _ 107 . . 100 O
mO 26015.9+0.002 ) . y o169 y PR]1813-1438, fz1E2259+586 —
012+1.07 SGRJ1935+2154  SNR PuppisA ’ ’ I ' ‘ SRJ0726-26 ~
— SORJ1935421545 SR Puppis (CXOUJ1647-4552 - oSsisis | s "o 0
- 1E1547-5408, G§47 3.0.5 ASNR G296.5+10.0 o . '* PSRasogég ;1543651. @PSRI0S54¥3107° o % '.. . Switj1822.3-1606, >)<(M1hg101882$(1)(2)33 0
+ SGRI0SO1+4516, JPSRI1718-3718 310_2 PF?SBR?ll;ggﬁ ig ) ;“SRJU633'+0632° SR'B 18-22 08 .t RXJ072043125. JJ0806 e o)
8 109/ SGR1627-41 PSRB1706-44 v ‘ . o, P5R3182'3' 13 P&RBoesal'lﬁ “° ..?.f ] %2143 040654 i
PSRI1119-6127 Homyncufb PSRJ0538+2817 JCIRREY o asRuTs +}ooa. TR N AL 042005022. B . 10-1 ©
C PSRJ1622-4950 5143681, PSRE1823-13% k. "y 2 Sl . Rl ﬁwﬂtwv. ] ‘ e ...~. . XJ185653754 5
E PSRJ13§7 6429*J2’gsp\|30833 45 l?’%?1674 -205 ‘.SwiftJ1822 .3-1606 4(-0’ 103 ' o o P§R]063.3 1?4?‘ Q) 33] ,.“ W o .'.:.. . . —_—
5 PSRJ0205+6449, SNR Vela Jr, Swiftj1834.9-0846 , FSRI1730+1000 ~ PSRBL0S5-52 &  RX]0720.4-3125 S JFSRBI9ST 32“PSR315Q9 58 ¢ °u: LSRR o Y
= @ 32 %osRj0726-2612 X|1308.6+2127 Z 5 RO AW oot HE S AT A SGRJ0418+5729 Y-
J - ] RB 0 R%¢ g J I
>10-1 F%RJ0633+0632 PSRJ0633+1746 0 1RXSJ14112+7922x %5@)33&“ ' ot . k u‘. "3 o o, ., 0 0
. 8 % oo ¥ '. o o ®
© | XI2143.0+0654 e v ‘: m’g " .‘.."‘..&Im? 1- " .
" : 4 A et Biadlg, St B _
o ® JRX/1856.5-3754 810 Jo .:.,...os-:’}‘-"..‘..c), 3 ‘{.@&“3‘;‘ 'y 10-2 (_g
o o SRI1709-4429 srB1822-08 _RX]0806.4-4123 = . .:‘:'t *:.v. ..';., IR X WA ) ‘ o
- PSRJ0357+3205 0 PR R It 1 R U =
T IRXS/1412+7922, % Y Jett YL e SRl U, T
O 10_ | JQXJO4200'5022 SGRJ0418+5729. 10_5 ¢ N ..;‘..... .':;“..‘.'.é e § % o q)
- .. 0 .. ’0' o ' () .. ..o .
$ I]XMMJ1852+0033 g A > ‘3&' AL ' %
" — . ..' :..0 ot -
> o '.,-° IE12..8'74°5209 !, 103
103 o SRJ1957+5033 ‘C><0U11852386+ 40! . '
Isolated, X-ray emitting NS A
observed with Chandra or XMM - Co e
1071 100 10! 102 103 104 1072 107 100 10} 10
Real/Characteristic Age (kyr) Spin Period (s)

. Bright X-rays sources: L_ ~ 10°%. ..

10°° erg/s

. Powered by magnetic field dissipation

(B 10%°...10'° G)

~
avg

. Young objects (f S

. Characterised by outbursts and flares

. Slow rotator (P ~ 1...

10 kyr).

12 s).

MATINS

MAgneto-Thermal evolution
of Isolated Neutron Stars



Why we need 3D magneto-thermal models?
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e Realistic magnetic topology: complex and non-axisymmetric

Period derivative (1011 g/s)
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* The need to model cooling curves, that depend on the 3d configuration

[Dehman, Marino, Kovlakas, Rea et al., in prep.]

“New 3D code
MATINS”’
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MATINS the brand new 3D code

— Open Access: https://github.com/ice-csic-astroexotic/ MATINS —

oB y 5 o(Te") _ _
E = —VX [}’]V X (e’B) — ﬂkSB +fh VX (e“B) X B] cy(T) Py =V :-(e’k- V(e'T)) + ezy(QJ_ 0,)

Dehman, Vigano, Pons & Rea 2023, MNRAS (DOI: 10.1093/mnras/stac2761): Cubed-sphere grid + Magnetic formalism

Dehman, Vigano, Ascenzi, Pons & Rea 2023, MNRAS (DOI: 10.1093/mnras/stadl773): First 3D magneto-thermal simulation

Ascenzi, Vigano, Dehman, Pons & Rea, Perna 2024, MNRAS (DOI: 10.1093/mnras/stael749): Thermal formalism
Dehman & Pons 2025, PRR (DOI: 10.1103/rhv5-nd4y): Chiral magnetic effect

What’s better than 2D (Vigano et al. 2021):

* Simulation of 3D magnetic modes, hotspots, and light curves

* Better documentation, use of novel coordinates (cubed-sphere)
* Optimization and use of OpenMP

Advance obtained:

* Realistic 3D evolution and topology, appearance of hotspots

e State-of-the-art microphysics, various masses and EOSs, with
realistic structure obtained by solving the TOV equation.

* Numerical scheme to better capture non-linear dynamics

* General relativistic correction

* State of art envelope model

* Flexibility in implementing new physics

3
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https://doi.org/10.1093/mnras/stac2761
https://academic.oup.com/mnras/article/523/4/5198/7198116?login=false
https://academic.oup.com/mnras/article/533/1/201/7718118
https://journals.aps.org/prresearch/abstract/10.1103/rhv5-nd4v

Magnetic field at birth: Magnetic spectrum after core-collapse
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Magnetic energy is distributed across a broad range of scales.
Toroidal axisymmetric quadrupole and non-axisymmetric components dominate.

Dipolar field accounts for less than 5% of the total magnetic energy ( &~ 10'% G).
From post-collapse to neutron star phase, plenty of MHD timescales to approach an equilibrium, with
dynamo still going on and at the same time dissipating the smallest scales.
But how does a strong dipole of 10'* G form in magnetars, leading to their long spin periods?

[Reboul-Salze et al. 2022 ] J Magneto-rotational

[Dehman et al. 2023c] instability Cafldidates to Weak dipolar k\\i
explain CCOs, low e component (order §,,:;E=‘==“> M ATl N S
[Barrere et al. 2025] Taylor-Spruit field magnetars of 1012 G) 7““_255"
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Hall-driven inverse cascade in neutron star crusts

Maximally helical
(e.g., positive helicity):

Initial field:

Helical magnetic field. k=p+gq
Random initial field peaking at £, ~ 100.

Causal spectrum as used in the cosmological context. | K| Hy (k) [/2E (k) <1

H,, = 2E,(k)/k

Correct aspect ratio of the NS crust.

0.04
Inverse Cascade occurs!

Energy transterred from small to large-scale multipoles. |k| <max (|p],]q])
Not observed in previous neutron star simulation studies. 0.0< g
Extreme aspect ratio (1:30)—thin crust— limits the inverse cascade.

Global

0.00 f
t =0 | simulation
: : R R SR S R0 : T
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[Dehman & Brandenburg 2025, A&A]



Chiral Anomaly

Right-handed Left-handed — Particle Chirality —

The chirality of a particle is the projection of the spin
along the direction of movement:

o right-handed if it is parallel to the movement;

o left-handed otherwise.

A particle is moving with momentum p represented by the green arrow.

— Magnetic Helicity —

et = o Pure poloidal & toroidal components are unstable
o Both components are necessary for the stability (linked structures)
\ o Magnetic helicity quantify the topological stability
7/ 4 0(A-B) \
—_— .

=+2cE-B+c¢V-(ExA)
ot

G J

— Chiral Anomaly —

o Changes in magnetic helicity create or destroy chiral
asymmetry (vice versa).
o Chiral electric current induced along field lines

ons [2a )
E— =—E-B—n5Ff
ot | nh
\_ W,
Image credit: Y. Hirono \\\!t
\\,7;:’3'5::. \
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[Boyarsky et al. 2012]



LH & A RH

(a) B 2 BqEp
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[Dehman 2026, arXiv: 2605.08068]



LH & A RH

(a) B 2 Bqep LLL

[Dehman 2026, arXiv: 2605.08068]
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LH & A RH

(a) B Z BqEp
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[Dehman 2026, arXiv: 2605.08068] He



LH & A RH

(a) B 2 Bqep LLL

& a Afs
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CME simulations — net magnetic helicity
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CME simulations — vanishing helicity
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Summary & Conclusion:

MATINS: a new 3D code for magneto-thermal evolution of isolated neutron stars, enabling self-
consistent Myr-scale evolution linking magnetic fields to X-ray emission, spin-down, and magnetar
activity.

Long-term evolution (10° yr) with a strong magnetic field ~ 10'*...10"° G.

Proper treatments of microphysics, envelope models, axial singularity, field structure, temperature, etc.

Hall cascade, Inverse Hall cascade, outburst, etc.

Origin of magnetic field in magnetars:
- Dynamo simulations in core-collapse simulations and proto-neutron stars.

- Inverse cascade 1n neutron star
- Chiral anomaly at the origin of magnetars large scale magnetic field.

NewAthena: will not measure internal magnetic fields directly, but it may provide the strongest observational
constraints yet on the hidden magnetic structures that govern neutron-star evolution.

= Resolve multipolar surface magnetic fields beyond the spin-down dipole.
= (Constrain hidden internal (toroidal) magnetic-field components through thermal mapping.

= Measure the impact of magnetic-field decay on neutron-star heating and evolution.
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