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Why we need 3D magneto-thermal models?

103
}E1841-045 SGR0526-66 2001424614 o Magnetar-like emission
@) .
Swift|1555.2-5402 CX0UJ010043.1-721 Rotation-powered

o SGR1806-20 | OSGR19{)|2;51J41170849 12000 o XDINSs
= 102 CXOUJ171405.7-381¢°  1E1048.1-5937

| “1E2259+586 s CCOs

n

(@)

ha o’SRI1846-0258 HESS|1731.347  (SGRI1830-0645 -

) 6350103, ™ B0102-72.3-SMCY  SNR Kes79 T oTEJ1810-197 2
m 10l SGRJ1745'2900r\A A . SGRJ1833-0832 xPSRBlSO9 58 Iy
— G33072+1.0° SGRJ1935+2154_ SNR PupplsA CXOU|1647-4552 i
~ SNR REWL03 O |

— 1E1547-5408 6347305 “SNR G296.5+10.0 @)
+ SGRJ0501+4516, JPSRI1718-3718 =

N 100 SGR1627-41° PSRB1706-44 0]

O PSR1119-6127 Howncums PSRJ0538+2817 S
= PSRJ1622-4950 21+3681s PSRE1823-13% 114 =

= pSRJ0205+6449“5NR Vela Jr SW|ftJ1834 9-0846 PSRBlP9SSP%-1|-73gz+1000x PSRB1055-52 % J{XJ0720 4- 3125 S
= F #SRJ0726-2612 X]1308.6+2127 =

> 10-1 RJ0633+0632 PSRJ0633+1746 0
- 8 RXJ2143.0+0654 5
| -

| JSRB2334+61 RX11856.5-3754 -

> 0
O JPSRI1709-4429 *SrRB1822-08 RXJ0806.4-4123 ‘T
- PSRJ0357+3205 v
S IRXSJ1412+7922 % 3
U 10-2 g X10420.0-5022 SGRJ0418+5729

n

a9 I3XMM11852+0033

)

@ PSRI1836+5925

10-3 “PSR11957+5033
1071 100 101 102 103 104

Real/Characteristic Age (kyr)

ot Magnetar-like emission SRI0HY,  soRtans a0
: i CX0\gj171405.7-3820
XDINSs Swift[1818.0-1607 . 54;2; 10873 66 ?1E18 1005
CCOs SGRJ1745-29009 1£1048.1:5937 10!
Swift| 15 525@5 OLRXS]170849.0-4009
0 Rotati q SGR1627-41 cxou10900431721
10 otation-powere JSRI1846:0258 SGRJ1935+2154 FJ1834 9P058RLJ11622 4950 (SGR|1830-0645
' PSRJ1119-6127 GRj0501+451
ATNF Radio Pulsars oY oy, GO
’ SRJ17183718 @' 0 4216l
10_1 o . % RXJ1605.3+324 o OCXOUJ1647-4552 100
¢ . PSR}1819- 145(883 1E2259+586
] S SRJ1357'?4-29 ’ . » PSRIOT2E: 269
. ®  Psr0s3s r aPSRI0S5443107° o S swiftilg223- 1606. XMMJ1852+0033
1072 PsRB1706-44" of S0 3653 xPSRJt)G §+0632. : O aaan X/1308.6+2127
PSRJ1709-442 o JRBI8T208 7 ° e N £X080644123
. .t P5R5182‘3' 13 P9R30656,+1z?‘ " }5 , o Rx13420050 X|2143.0+0654
S Rt174 +1'00“ {@P}i}‘w 5, W 22' o, qRXJ185653754 : 10
10_3 0 U ...0. 0 P%R’OB:{S ].?4?0 . . ’ h .. . ...0' : .C. .’.0 . ,
'o‘ 0 20 ® .. 0008 o‘ “*, .
xPSRBl9§i 432 SPR81§Q9 58 ﬁﬁ'ﬂi Q&k .-. & .,
. PsReigsse v -“- ¥ -°. o o‘° SGRJ0418+5729
IRXS[1412+7922, o %ngﬂgm 413° )’\.‘? A ,‘1‘ ‘;,.‘;‘ “'; R 0
-4 . .. :’.P?R]l% %‘.‘x" %’1.‘..‘“{.@:::.3;.:: . ) ,
10 CS el v,?...;} Mo c (‘ﬂ,.q! %' ,.., 10
' e “.%:‘....o.t.: ..V'."'% ood o{ ‘o ‘ .' . ¢ '
. .o. ) ..° ;0...: 0“:: '.:5’.: :. .fs ‘:: .s.
-.:“'.!..‘.‘S."‘ WEG 0
5 . o 0 .“ Q..".. o »% o ... S o
10 . . 0‘: u,. l’o .’ .
. o0 K ; Yoo’ ’u‘ Vo .
, oo.. .. Oo. @:’ %9 s ; . 10_3
. BPTLE s. AIElZ‘O'].é 52?.9 o
o 4% . °
6 RX0822.0-4300° "', .
10 ‘Cxou11852385+oqno' . ",
: . . -4
1072 1071 100 101 10
Spin Period (s)

o Understanding the variety of population of isolated neutron stars and their evolutionary paths

O Realistic magnetic topology: complex and non-axisymmetric

O The need to model cooling curves, that depend on the 3d configuration

o 3D magnetic evolution leads to the formation of hotspots on the stellar surface

[Dehman, Marino, kovlakas, Rea et al. 2024 in prep.]

Surface dipolar B-field at pole (1014 Gauss)
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Why we need 3D magneto-thermal models?

Quiescent X-ray luminosity (1033 erg s—1)
Surface dipolar B-field at pole (10'% Gauss)
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o Understanding the variety of population of isolated neutron stars and their evolutionary paths
O Realistic magnetic topology: complex and non-axisymmetric

O The need to model cooling curves, that depend on the 3d configuration
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o 3D magnetic evolution leads to the formation of hotspots on the stellar surface

[Dehman, Marino, kovlakas, Rea et al. 2024 in prep.]



Thermal evolution & cooling curves

o Te” . .
cy(T) (6t ) =V - (e’k- V(e"T)) +62”(Q]— Q)

Ingredients:

*Neutron star model: EoS + central pressure —> star structure & composition (fixed)

Heat capacity Cy/(p, T'): main contribution by neutrons in the core

‘Thermal conductivity x(p, T, B) very large (star core rapidly isothermal), dominated by electrons,

becomes anisotropic in presence of magnetic field

*Neutrino emissivity Q (p, T, B)
«Sources of internal heat Qj: nuclear reactions, Ohmic dissipation, accretion...

*Hydrostatic equilibrium models of envelope (i.e., liquid outermost 100 m), that due to its stronger
gradients of density and temperature has much faster timescales than the interior

*Emission model (atmosphere, blackbody, condensed surface...)
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[Potekhin et al. 2015, review] http://www.1otte.ru/astro/conduct/
[Pons & Vigano 2019, living review] 4 https://compose.obspm.fr/




Magnetic field evolution
— Hall MHD limit —

o Neutron stars interior —s= complex multi-fluid system

O A solid crust is formed soon after birth —s restricted nuclel
mobility —s= conduction governed by electrons

o Core: full multi-fluid system

Ultrarelativistic free
alectrons

o Approximation: electrons MHD limit in the crust (eMHD)

oB c? C
& o _vx [ V x (€“B) + ———[V X (¢"B)] X B] (Lander’s talk)
ot 4ro, dren,
e — D e
Ohmic dissipative term: the It naturally
magnetic resistivity IS very |[e=Eii=s ankzlelalciilonollelelaiilalFliny
sensitive to temperature and transfers energy between
evolution and electron density different scales.

o Crustal-confined (perfect conductor at the crust-core interface).

O Divergence-free magnetic field V - B = 0.
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[Pons & Vigano 2019, living review]



Schwarzschild cubed-sphere

In 3D spherical coordinates if you want to use finite-volume/difference methods, the axis is a
singularity. The cubed sphere coordinates are a widely used solution, used Iin climate and
atmospheric simulations

1-

-
[Ronchi et al. 1996]
1 0 0 —n/4 < EL nl4
(' Desirable features
0 | X(&)Y(n) | _ _7/4 < n < /4
gii = C(&)D(n) - Radial coordinates (r)
0 ¥ 1 * No axis-singularity
C(&D) non-_orthogonal _- GR correction )
coordinate system
W

)
\\ SLaw,

=
[Dehman et al. 2022 MNRAS] 6 i
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MATINS the brand new 3D code

Dehman, Vigano, Pons & Rea 2022, MINRAS (DOI: 10.1093/mnras/stac2761): Cubed-sphere grid + Magnetic formalism

Ascenzi, Vigano, Dehman, Pons & Rea, Perna 2024, submitted to MNRAS: Thermal formalism (See S. Ascenzi’s poster)

Dehman, Vigano, Ascenzi, Pons & Rea 2023, MNRAS (DOI: 10.1093/mnras/stad1773): First 3D magneto-thermal simulation

Soon to be public. . 1Bl —@M Time = 0 kyr
What’s better than 2D: |

« Simulation of 3D magnetic modes, hotspots, and light curves 487.5 ' = —

 Better documentation, use of novel coordinates (cubed-sphere) s2s5 ——

* Optimization and use of OpenMP

162.5 —

Advance obtained (only another 3D code was existing so far):

* Realistic 3D evolution and topology, appearance of hotspots
« State-of-the-art microphysics and realistic structure

* Numerical scheme to better capture non-linear dynamics

* General relativistic correction

« State of art envelope model

* Flexibility in implementing new physics

 Documentation and modularity (for public)
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https://doi.org/10.1093/mnras/stac2761

3D magneto-thermal simulations
— From core collapse dynamo —

[ =2 — quadrupole

. f First coupled 3D
= Magneto-thermal

1045 3

Spectrum after the PNS dynamo
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[Reboul-Salze et al. 2021]
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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.
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: no way to leave only a dipole or axisymmetric configurations!

Avg(B) ~ 10'* G| ——> Magnetar-like initial field \k\\\‘
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[Dehman et al. 2023b, MNRAS] 8 i |
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1044 A

Magnetic Energy [erg]
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[Dehman et al. 2022 MINRAS]
[Dehman et al. 2023b, MNRAS]

3D magneto-thermal evolution
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- 72

Time [kyr]

Field keeps a strong

memory of the initial
36 large-scale structures

- Hall balance is reached in the system — [

- Hall Cascade: redistribution of the magnetic energy over different spatial scales

- Small-scale multipoles dissipate faster (Lz/nb) —> Enhanced Ohmic heating

=2 slope —

» Initial large scale quadrupole remains dominant
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9 [Goldreich & Reisenegger et al. 1992] ///
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3D magneto-thermal evolution
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» Initial surface dipolar field - choice of radial function

» The surface gets populated by small scale multipoles.
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\\‘ pl

-
\ \
1)
=I
¥,
"’

ly

... :\\//

MATINS

'0
SSgazv MAgneto-Thermal evolution
of Isolated Neutron Stars

==
[ ]
]
|
]

V7 /

7 1]
[ |
o

N/

[Dehman et al. 2023b, MNRAS] 10



3D magneto-thermal evolution
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Reality of inverse cascade In neutron star crusts

A scenario for generating a large-scale dipolar field is through an inverse
cascade, starting with an initial helical magnetic field.

Initial field:
Helical, or in other words, a force-free field.

Random initial field peaking at [, ~ 100.
Causal spectrum as used in the cosmological context.

“Brandenburg 2020”

Inverse Cascade occurs!

Energy transferred from small to large-scale multipoles.

Not observed In previous neutron star simulation studies.

Magnetic field dissipates over time! Boundary conditions' impact?

Extreme aspect ratio —thin crust— limits the inverse cascade. t =10
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[Dehman & Brandenburg 2024 in prep.]



Inverse cascade: magnetic boundary conditions

Outer Boundary Conditions: Potential current-free
Inner Boundary Conditions: Perfect conductor

Q
=
23
1075 Outer Boundary Conditions: Periodic BC
6 ; Inner Boundary Conditions: Periodic BC
10
2 10~
Lf Typically used boundary
10 conditions are causing further
T dissipation of the magnetic field.
0 F
10 100 1000 el \\\\,\‘
R “* Pencil Code = i ) MATlNS
- "/ \.é.":’" MAgneto-The mI It
[Dehman & Brandenburg 2024 in prep.] 13 —_= 7 e




Left hemisphere: Force-free magnetosphere (2D)

Field lines: Poloidal magnetic field.

Colorbar: Toroidal magnetic field. — Physics informed neural network —

Right Hemisphere:
Electric current.

Force-free Magnetosphere Vacuum Magnetosphere
0.0 x 10° [yr] 0.0 x 10° [yr]
100.0( /\3.69 100.0 (" " 3.69
5 5
A X N =%
S ) S )
X @ X =
© = © =
o = o =
0.0 0.0
-300.0 -300.0
Crust enlarged for visualisation purposes
The currents can flow in the magnetospheric
V E» B E» Crust-magnetosphere
( Xb=a ) coupling affects the interior
Toroidal field does not vanish at the surface field evolution
T(P) = ;P + 5, P
MATINS
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[Urban, Stefanou, Dehman & Pons 2023, MNRAS] 14



Summary & ongoing research

MATINS a new 3D code for magneto-thermal evolution in isolated neutron star crust. |
“Io be public soon”

Long-term evolution (10° yr) with a strong magnetic field ~ 1el4 G with R, a few hundreds.

Proper treatments of microphysics, envelope models, axial singularity, field topology, temperature, etc.
Hall cascade, Inverse Hall cascade, outburst, etc.

Careful with boundary conditions...

A [ot more can be exy[orec[ !

Confronting
observational data
with 3D simulations

Magnetosphere
in 3D using
PINN

Axion field In
neutron star crust

Chiral Magnetic
Instability

In collaboration
with Jose A. Pons &
A. Brandenburg

In collaboration with
J. Urban, P Stefanou
& J. Pons

In collaboration with A. In collaboration with A.
Marino, N. Rea & others Gomez & J. Pons
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