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Figure: Simulation of the merger of two neutron stars (Rezzolla et al., 2011) with gravitational mass of 1.5
solar masses each during a time of 26.5 ms.

® Despite favorable conditions (e.g., magnetic fields) no jets clearly emerge
after the BH formation (Rezzolla et al., 2011; Kiuchi et al., 2014).
Simulations by Ruiz et al. (2016) did, however, discover jet launching.

® Possible explanations for missing jets: Short simulation time or field
reversals observed over the low density funnel.

Current set of 'standard’ magnetospheric field topologies (e.g.,
split-monopole, paraboloidal) may not be sufficient for time evolution
simulations of the electromagnetic fields anymore.
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Figure: Schematic visualization of the Blandford/Znajek model (cf. MacDonald and Thorne, 1982). The black
hole is embedded in a force-free magnetosphere. Magnetic fields are supported by a thin disc in the 6 = 7 /2
equatorial plane. The acceleration region which involves a break-down of the idealized conditions is set up at
infinity and not considered for the derivations. A non-degenerate plasma generation region is schematically
represented by the dashed lines.



Magneto-
spheric
electrody-
namics

Jens F.
Mahlmann

Force-free
magneto-
spheres

Numerical
strategies

Initial data

Blandford/Znajek explain jet powering Il

Spacetime magnetospheric electrodynamics

Blandford and Znajek (1977) intensively
exploit the covariant form of the
Maxwell equations in Kerr spacetime.

(*F‘uu);u =
EalJ“ = FM = g’l/2 (gl/ZFMV)
Fuw = Avp— Auy

Nz

The existence of time-like and axial-like
symmetries help to reduce the
complexity of the resulting equations.
Apr=Au =0
- Ft¢ = F¢t =0
The force-free condition ultimately

reduces to a differential equation
governing the magnetosphere.
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® Second order non-linear elliptic PDE

® Singular surfaces (so called light
surfaces)

® Mathematical treatment differs from
the (analytical) approach in the
neutron star case

v.)
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Numerics at the light surfaces |
Close-up: Understanding the singular surfaces

Field quantities of the 3+1 decomposition
(as measured by the ZAMOs) are required to
stay finite. Lee et al. (2000) derive the
following:

2
(Q—w) b s —-G-vv
4r2a D

821 di (Q—w)w 2
) (e e
it = )

4m2om

where D denotes the light surface condition

(w —Q)? w?

D=1-
a2

Smoothness of W throughout the

magnetosphere is imposed as a regularity Figure: Numerical artifacts develop at the
condition (as also used in, e.g., Contopoulos singular surfaces of the Grad-Shafranov equation.
et al 2013) These breakings of field lines may cause the

numerical solution to blow up.

Strategy outline: Ensure smooth passing through the light surfaces and
reconstruct potential functions consistently.
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Numerics at the light surfaces Il
Close-up: Relaxation and smoothing procedures

Light surfaces on the compactified gric

Angular coordinate 8

237 39 644 1061 1748

Radial coordinate 1

Figure: The light surfaces partition the domain into
three disconnected regions. Their numerical interplay
strongly affects the relaxation. At the location of the
light surfaces (black lines), a simplified Grad-Shafranov
equation can be solved (cf. Uzdensky, 2004) in order
to relate the defining functions A¢, w and /.

[1] Smoothing routines
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Figure: Visualization of the smoothing scheme applied
at the light surfaces.

[2] Adapted discretization
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Figure: Visualization of the biased stencil introduced
at the locations of the light surfaces (LS) in order to
disconnect the domains in the discretization of first
derivatives.
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Initial data for 3D FF simulations
Obtaining mgnetospheric initial data from the GSE

Split monopole initial data (a = 0.9)
-4 =2 0 2

a8 -4 -2 0 2 4 5

Figure: Visualization of the mag. field (B) initial data
around the BH (mass m = 1, spin a = 0.9). A
numerical solution to the Grad-Shafranov equation is
obtained via the solver architecture in the CoCoNut
code (cf. Adsuara et al., 2016) and as initial data for
simulations employing the Einstein Toolkit.

The numerical techniques solving the
Grad-Shafranov equation around
spinning Kerr BHs may be used with
existing infrastructure of numerical
PDE solvers, e.g., the CoCoNut code.
(Cerdd-Durén et al., 2009; Adsuara et al., 2016)

Spacetime initial data for rapidly
spinning BHs (high Blandford/Znajek
luminosities expected) is tested on the
Carpet grid of the Einstein Toolkit.
(Liu et al., 2009)

We have adapted the evolution
routines available for the ET to
account for a FF magnetized plasma
around spinning BHs implemented as
punctures. Our implementation is
inspired by previous work on GRMHD
using the ET and GRFFE.

(Faber et al., 2007; Mosta et al., 2014; Etienne
et al.,, 2017)
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Comparison of evolution schemes

[1] Full Maxwell’s equations evolution [2] Energy flow evolution
(Komissarov, 2002, 2004, 2007; Paschalidis and (McKinney, 2006; Paschalidis and Shapiro, 2013;
Shapiro, 2013) Etienne et al., 2017)
V,FHY = JE VFRY = 0 V.TH =0  V,'F* =0

Augmented system Augmented system
(Dedner et al., 2002; Palenzuela et al., 2009; Mignone (Dedner et al., 2002; Palenzuela et al., 2009; Mignone
and Tzeferacos, 2010) and Tzeferacos, 2010)

Vu(*F‘w+ (chzfy‘w—n“nu) 'LZ)) = —nd,k“d) V,,(*F‘“/-%— (chz'y‘w—n“n") w) = —mwk“w

Vo (FFY +gH"¢) = M — kpkt'o

The divB = 0 and divD = p constraints are ensured by a mixed
hyperbolic/parabolic correction with the additional scalar potentials ¥ and ¢. In
its analogy to the telegraph equation, the factor ¢, is the finite propagation speed
of divergence errors, the constants x,, and kg are their damping rate. The above
equations are formulated in a conserved flux formulation:

C+ O F = Sp+ Ss
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_ vanishing particle inertia of GRMHD (cf.
[nCEzeE NEer Komissarov, 2011). In GRFFE the

Force-free following independent constraints hold: \
magneto-
spheres ) °

PP =@ D.1B
Force-free v 2 2 B
evolution F/,U/FM >0 B“—D“>0 .,
Force-free
constraints .. . s
Divergence These conditions are not automatically
Ccanine fulfilled (e.g., at the location of current ,
Outlook sheets) but ensured, e.g., by:

A

Open forum ® Numerical cutback of violations
References (Palenzuela et al., 2010; Alic et al., 2012) '

® Addition of suitable dissipation by
driver terms
(Komissarov, 2004, 2011; Alic et al., 2012; Parfrey

et al., 2017)
=
® [imitation of constraint violations to CoE e e
narrow regions Figure: Test runs of the energy flow evolution without
(Parfrey et al., 2017) numerical cutback of D _L B violations (top) and with

the respective corrections employed in every Con2Prim
step (bottom).
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Divergence cleaning optimization Al
Parameter adjustment for ¢, and Ky

Figure: Visualization of the magnetic field (B) around a puncture BH (mass m = 1, spin a = 0.9) for selected
test cases after an evolution of the energy flow scheme for t = 15M.



Magneto-
spheric
electrody-
namics

Jens F.
Mahlmann

Introduction

Force-free
magneto-
spheres

Force-free

evolution

Force-free
constraints

Divergence
cleaning
Outlook

Open forum

References

Publication in preparation (2018)

Divergence cleaning optimization All
Parameter adjustment for ¢, and Ky

Figure: Close-up on the magnetic field (B)
configuration for ¢, = 2.0, and o = 1.0
close to the black hole (mass m = 1, spin
a = 0.9) after the evolution with the
energy flow scheme after t = 15M. This
selected test case minimizes the divergence
error throughout the evolution.

Divergence cleaning test (@ = 1.0, 6, = 2.0, t = 15M)
T o 1 2 3
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Figure: Evolution of the maximum of the divergence cleaning
potential max 1) outside of the outer event horizon for selected
test cases (t = 15M) with different choices of the parameters ¢,
(propagation speed of divergence errors) and r, (damping rate

of divergence errors).
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Divergence cleaning optimization Bl
Parameter adjustment for ¢, and Ky

Figure: Visualization of the magnetic field (B) around a puncture BH (mass m = 1, spin a = 0.9) for selected
test cases after an evolution of the full Maxwell’s equation scheme for t = 15M.
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Figure: Close-up on the magnetic field (B)

iiierdloeiten configuration for ¢, = 2.0, and o = 1.0 0 2 4 6 8 ° 12 "

Force-free close to the black hole (rvass m = 1, spin 100 @-01,6,-10 100
magneto a = 0.9) after the evolution with the full a0 20
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Figure: Evolution of the maximum of the divergence cleaning
potential max 1) outside of the outer event horizon for selected
test cases (t = 15M) with different choices of the parameters cj,
(propagation speed of divergence errors) and Ko (damping rate
of divergence errors).
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Outlook: Research stages and methods
Numerical simulations as astrophysical experiments

Stage I
Theory/Numerics

Stage |l
Simulations

Stage Ill:
Evaluation/Feedback

Grad-Shafranov initial data

® |mplementation and
testing of a numerical
solving procedure for
the GS equation.

® FExpand solving scheme
towards more
complicated field
topologies.

Einstein Toolkit setup

Fortran code segment

® Preparation of GS

solutions as initial data
for time evolution
setups.

® Adaptation of a

suitable evolution
scheme (employing the
Einstein Toolkit).

call Compute_Function_Value(PsiGrid(i,3 k), ITmp
| Linear operator coefficients >>>>>>»>5>>5>>>>>f
| Linear terns from BZ77 - Simplified in Mathema
€1(1,1,1,3,k) = (1.0d0/SignaBL**2.0d0)* &
(2.6d0%bhspin_sq*cBL_sq* (bhmass+OmegaTnp*sB]
bhspin_sq* (bhmass- rL) “OmegaTnp*sBL_sq) )+ &
2.0d0*TBL*((-bhmass) * rBL+OmegaTnp*sBL_sq* (2

€11(1,1,4,3,K) = ((2.0d0*bhmass- rBL) *rBL-bhspin_{
Shapin, aq- (bhapi.2q-2.Oct-bhanss* reLiroL 5
(1,1 (32.040+ (bhspin_sq+rBL_sq) *Delta

(%8.0d0%bhspin_sq* (3.0d0*bhspin_sg+4.0d0* B
(5.0d0=bhspin*¥6.0d0+16 .00+ rBL7*6.040+16 .0
4.0d0+bhspin_sq* (-bhspin_sq+4.0d0+bhspin*bhi
sin(4.0d0*theta () ) +bhspin®*4.0d0+Del taBLAO:
(32.040+DeltaBL*5ignagL*+2,0d0)

€22(1,1,1,3,k) = ((2.0d0%bhmass- rBL)* rBL-bhspin_
Bhspin_sa* (bhspin_sq-2.000+bhmass* rBL+rBL_5

! Non-linear operator coefficients >>>>>>>>>>>>>]
! Non-linear terms from BZ77 - Simplified in Mat!
i ({4181 or. (1.gt0) or. (.16 1).0r. (f.gT0)
Source(i,3.k)=0.0
else
Source(i,j,k)= (-((sBL_sq)*(-2.0d0*bhspin*bhmq
B i (Lol il

® (lassify GS initial data
in terms of stability and
the observation of jet
launching.

® Understand the role of
force-free evolution vs.

ideal MHD implemen-
tations.
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