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NS Magneto- Thermal States
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NS Magneto-Thermal States
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Dissipation of Magnetic Field

e Ccrust

Pons+'07, Vigano+’13, DeGrandis+'21,
Igoshev&Hollerbach’21,23, Dehman+'21,22,23

» eZ scattering (Ohm) + Hall R

n [superfl. |
Goldreich&Reisenegger’92, Castillo+'20,
Passamonti+'17, Moraga+'24, Elfritz+'16, p [supercond. |
Bransgrove+’18, Igoshev&Hollerbach’23,

Dehman+'21,22,23, Gusakov,Kantor&DO+’17,
DO&Gusakov’'18, Gusakov,Kantor&DO’20

this talk
» npeu scattering (diffusion) » p-pairing =
» noneguilibrium Urca-processes scattering off flux tubes

Dima Ofengeim | Ambipolar Diffusion Operator



B and T inside NS cores

DO, Gusakov & Potekhin 2023
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A Slmpllstlc Approach

DO Gusakov & Potekhln 2023
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Dominating Mechanisms

DO, Gusakov & Potekhin 2023
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10 - non-equmbrlum(_-_ . Vp R Vy RV 2V
pe MUrca ] 7.0 Moraga+'24
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e Pons & Vigano (2019, Liv. Rev. Comp. Astrophys):
a simplistic model for ambipolar diffusion

— 1 — —> —> —_— N —
fi =EcurlB><B ;’C = af; d:B = curl(vch)
velocity of charged species

« Neutron star cores, normal npe + axisymmetry:

I B
fi=-—curlBxB 3% =A®Ff, 8,Bisdetermined by v

41T cRT

poloidal projection

AP — ambipolar diffusion operator

+ linear & independent of B + ker A® = equilibrium B’s
* explicit analytic form « self-adjoint
. completely drives B evolution
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Basic Equations

1 — —
n,Vou,, + n.VAu = f,; = Ecurl B X B z Euler = force balance
Oplp + Ofte — Oin p.e

n,n.y@w, —v,) =n,Vé, Eulern

np friction Ve
p —en, (E + ?c X B> =n/.Vou, Eulere
divn,v, = divn, v, = 0 Continuity

8B = —ccurl E = curl(Y, x B) Faraday

Linearization
Un,cr Olnpe @S small perturbations

n, . as spherical TOV background

Quasistationarity
d, = 0 except d,B

Ambipolar Diffusion
Ve = U, = U % Uy
j=0butcurlBxB % 0

Cowling
approximation

Weak Coupling Regime
no reactions
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Basic Equations

1 — —
n,Véu, + n.VAu=f; =—curlB X B 2 Euler = force balance

4
Oplp + Ofte — Oin R R n p.e
n,n.y(w, —v,) =n,Véu, Eulern

np friction —en, <E 1 ?‘: X B> — chSﬂe Euler e

divn,v,, = divn. v, = 0 Continuity

8B = —ccurl E = curl(Y, x B) Faraday

Boundary Conditions

ey
G555%0200% o
oo
BIPLLEGOPPIIPP IS,

- B continuously matches the crust B
v

n,c

v, and v, do not come into the crust

*no j matching!




Axial Symmetry

B=V¥( 0)xVe + I(r,0)Ve
—

Poloidal flux function & B® Poloidal current function < B®

B®

nyVéu,(r,0) + n.Vau(r,8) = fL |:> fLp =0 |:> I=1(%1t)
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Magic of Axisymmetry - |

| Continuity — ¢
' A n TP = VY.(r,0) x Vg
\'\& T ﬂ“CVC Euler — n n,

Nk a7 V, = N,V —
Y.(r. 6) \I Vd n,vn = NV, n.y vou,
e\ | \
9r divn,v,, =0 %nn,c = const(6)

Continuity — n

YCB=0 0=1t=0 1 Y. = r*R di (1_ Vé )
| sin@ 9 °¢ v vY Hn
: Y(r) = R(r) = (ilf
n, +n; drY
_ 1 1-Y
sin @ d, pr Y. =R [ar <r Y d,-(sin 6 ae5ﬂn)>
+ 1yyy sin 0 dy pr do(sin 0 aeaun)]
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Magic of Axisymmetry - I

force balance ny 7L
curl . V|— | xVéu, =curl|—
nc nc U nC

sin0 dgdu,, = Rrsin b [curl (ﬁ)]
¢

nC
—Y -0 \
0=0 c‘e=n

Py Py - ?L
AU Y, =U,.| R 7] 1| —

Ay
AL
r T 1-Y

sin @ d, g Y. =R [ar (rz — 9,.(sin 6 095un)>

Y,

sin @ 69

Y e do(sin b aeaun)]
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Explicit solution for v,

. P ~ o~ - 1-Y _ 1-Y
v =APf, =V 0 Ff (0. =R [a,, <r2 3,A% 1) + —]

‘ 14 4 14 4
F = Rrsin@|curl [ —
\ n,
Y(r) = R = (1
= n tn. "= drY
* linear e Yoconst=> R—-> o=

r-local: OES)B, a,(f)lll Passamonti+’17 @ low T

) 1-Y
0 nonlocaAI _ div vom, | =0
Yy xT? = AP) o T2 124
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How it (should) work

B, =5 x 101G,
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Theorem I;

A® determines B evolution

9,B® = Curl( 7 B(p)) B = APF,
9,B® = curl( 2P x BO 4+ 3 « ﬁ(p)) B =9

B® = v¥(r,0) x Vo j dvV(Ve)*I1(P)g(¥P) = const(t)
BW = I(W,t)Ve Magnetic helicity between
\ Y, and ¥, = const

9,W = —vw.APF, v /

f dt (Vo)2/B®)|

Q.E.D.
fp 4t (Vp)?/B®)|

I(P,t) =1(9,0)
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Theorem II;

ker A?P) = Grad-Shafranov fields

« Grad-Shafranov equilibrium & Grad-Shafranov equation

fL=n/VAp (:::) AW + I(W)I'(P) + 4nn % sin® 0 Au(¥P) = 0

) :

—

> ﬁ(p) ( [ (7 )] ) )
curl— =0 V U Rrsin 0 |curl =0
E> n. v %

{GS} c ker AP

¢ =
1 B(r) € ker g<p>|:> 5® _ o |:> 3,B =0 |:> ker A® c {GS)

0.£.D.
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Key Quantity for Evolution

X X Vv &= R1<10 :curl (i—i)

d =0 d+~0
no evolution evolution rate < &

E) —_—> (D — vgp) = vcﬁcq) — atB — Clll‘l(‘l_}c X B)

curva Ines curvature of f; lines \/
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Dissipation of Magnetic Field

. d B>
Wg = I dv o —Hgp — Hy, — H,
Hp = f dV AAu? o« B*T®
nonequilibrium [modified] Urca reactions
4

H,, = de nan.y (v, — p) jdeL AP f, o —
strong-force friction

N2
N ccurl B
= den%ype(vp — V) =jdVype< y— ) o< B2T>/3-2

electromagnetic friction
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Heating vs Cooling: Naive Estimate

Wg+L,+L,=0
heat balance line
Here: Pons+’07:
from a@,B in from @,B in
the core the crust
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Theorem IlI:

AP s self-adjoint
Hop = [V, A%, = (7,[aPF,) 2 o

Vi1 fi2: <7L1‘71(p)7L2> = <7L2 ‘71(”)7L1> Q.E.D.

* eigenvalues: 0 =4y <14, < 4, <...

———————

* eigenspaces: Grad-Shafranov fields M- ~*
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More Realistic NSs

RN

GR MHD npeu+ pairing
only quantitative A® exists, but = var(B)
changes

-
I’'m not
purely

L spherical!
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Conclusions

« Operator representation of the magnetic field
evolution in NS cores Is developed for the
simplest case

» The ambipolar diffusion operator A”) is linear,
self-adjoint, its kernel = equilibrium fields, and it
determines B evolution

- The key feature for evolution is curl (E/nc)

» Many things to explore in the future work
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Thank youl!
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Simulations of Evolution

« Castillo, Reisenegger & Valdivia’20
~— 4 ..+ Moraga+'24
~ ) initial e .
) 2 artificial friction

stabilize numerical scheme

r.h.s. of Euler egn. forn + (—{u,,)
ﬂ

quasistaionary
evolution of B Troubles:

-041 0 0.41

Realistic { - 0

5 NN 3
([ AN Y V2
W Al _
e 2 {1 70NN
q,p \)9 00 “\‘('\“C \\ )v/ ‘ — £ IN\\N
Sl M| "f‘: 1,
A\ \ LR i
0. ~960 N\ i \ 7
f B R = &
! - - 7 %
i . \ ‘ " =% ) - : .\:,
\ 13 —\ "'.,,*
0 0.43 0 0.099
_
(¢
Ly 0030 -] 3
o \
s n.x"fuo i \h‘\ \
;. I \
o 180 / A A
N Y [ ‘\ i -
@S Grad-Shafranov
=} v 1 ¢
. iy =
Computational
\Q)a s N I
8 L) b i/ \ y 1( % Y
; COSts —» o

-/ equilibrium for B

Dima Ofengeim Ambipolar Diffusion Operator



Sketch of the Evolution

log T [K]

-20

log h, h = (—Wp)/(Ly + L)

-15 -10, -5 d 10 o 20

Non-magnetic
cooling

= Evolution along the
«~  heat balance line

logt

— Grad-Shafranov

equilibrium for B
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Quasistationary MHD + n,p Pairing

T K Tcp, T, B < H_4
Lorenz force 1 Boyancy+Tension force
1 = - — -
— > curlH.. X B
yp- curl B X B ypm c1
Euler egn. for n > Véu, =

new “component”: flux tubes = “Lines”

e, u — p friction e,u — L friction

]ep(ﬁ)e B ﬁp) > De('_ie - I_iL)l
><B+—curlﬁcl XB =0

D,(i,-V,) +en
=e,
B Total force balance on flux tubes Gusakov, Kantor & DO 2020
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