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Force-free solution

The plasma density is higher than Goldreich-Julian density.
(P > PG])

The external electric field is screened.

The energy-momentum density of the electromagnetic field is much
higher than the energy-momentum density of the plasma.

(TMVEM >> Tﬂvplasma)

VMTMVEM =0

From Maxwell equation and the axisymmetric stationary condition,
one can get the GR Grad-Shafranov equation.
(Blandford-Znajek 1977)
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GR Grad-Shafranov equation(GSE)

One can get force-free solution for
the axisymmetric stationary condition.
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Combined magnetic field

Tursunov & Britzen 2024
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Light surface (singularity)

w? Asin?6 W rgrasinze 21,1
1- +4= el L
c: X c > >

The positions (r, 8) where are satisfied with the above condition are
light surfaces(LSs).

Also, left part of the above equation is the coefficient of second derivatives
of GR GSE. — The LS is the singularity of GR GSE.

Proper w and Br smooth Ay at LSs.
Depending on initial and boundary conditions, there are two or one LS.

To make just one light surface, we set the range of parameters
a, < 095,65 = —50
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Initial condition

We use the combined magnetic field to the initial condition
of our calculations.

f < 0: jet-like configulation

We set that the jet-wall boundary is the magnetic field line
which is connected to the horizon at 8 = /2.

We transformr — R = (r —rgy) / (r + ry),
06— 0=40 /Hwall (T)
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Initial condition

Normalization of A¢

apn = (Ap — P)/(Apwan — P) = ap/agpwan

Normalization of w and B
wp =0/, Qpy = ac/(rpy® + a?)
Brn = Brc/ QpHAp wall
The initial conditions of w and B from Znajek condition

sin 8 [% (rgu? + a?) — a]

rgy? + a*cos?6

BT[Aqb(TBH: 9)] = aGAqb(TBH; )
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Boundary condition

BH rotational axis boundary

Gpn =0, w, =05 Br,=0

Jet-wall boundary

a¢’n =1
At infinity, if the jet is sufficiently collimated,
p 1 B2 20 4 p B,7r*sin?6
= —Byr“sin“0 + — Apn =
7270 b 204 wall

— Dirichlet boundary
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Constrain and regularity condition

Constrain condition
At infinity, GR GSE -> non-relativistic GSE

If the magnetic field configuration at infinity is parallel to z-axis,

(U(Aq§) A . P Nathanail et al. 2014
p ( ¢ ) Panetal. 2017

Br(Agy) = -2

At the horizon, there is the regularity condition which is
the Znajek condition.

sin @ [% (rgu? +a?) — a]

rgy? + a?cos?6

Br|Ay(ray, 0)] = 0gAp (5, 0)
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Numerical calculation

Ap,i,j—1

Ap,i+1,j

Ap,i,j

Agpii+1
¢,i,j Ly

Ap,i—1,j

Second order centered
Finite difference discretization

The under-relaxation iteration
method (update 4)

Every iteration, using some
technics, update w.
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Numerical calculation

Light surface

® is fixed

Ay (R)

For the same 0 line, along the radius R, we find out where the LS is.
We remove 3 points each before and after the LS.

We interpolate the gap, and regenerate total 6 points.
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Numerical calculation

Light surface

® is fixed

Ay (R)

Ay =Ap(Rys-) — Ap(Ris+)

4 R

We extrapolate old 3 points each before and after the LS
respectively to the LS.

Contopolos et al. 2013
Nathanail et al. 2014

Wnew (Aﬁb»LSnew) = Wold (A¢;Lsold) o fAA¢ Pan et al. 2017
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Result
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Result
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Result
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Result
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Summary

We consider the combination of vertical uniform and split
monopole field in Kerr spacetime to initial and boundary conditions
of GR Grad-Shafranov equation.

Weseta, < 095and 0 > [ = —50to get the jet-like configuration
and to determine just one light surface.

We obtain Br(A ) from the constrain condition and use some
technics of smooth of 4.

There are not much difference of w(A¢) and BT(A¢) by a,, Q.

But w(Ag ) is smaller, if the field configuration resemble the
vertical uniform field
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