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Force-free magnetospheres in computers

Jens F.
Mahlmann Focusing on electrodynamics around compact objects
Poner tolk Goal: Scalable code for the simulation of force-free magnetospheres on the
ower ta

dynamical metric of compact objects (e.g., neutron stars or black holes).

Physics: In the limit of high field energy (low particle inertia), General
Relativistic magnetohydrocynamics (GRMHD) reduces to General
Relativistic force-free electrodynamics (GRFFE).

[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)

VL FM = Jh VFRY = 0 VuTH =0  V,F* =0

® Explicit methods on structured grids (well suited for hyperbolic,
non-stiff equations)

® (Conservative schemes require computing a unique flux per numerical
zone (exact and HLL Riemann solvers)

e Cover a variety of time and length scales (e.g., at current sheets).
This requires adaptivity of the mesh, highly accurate regions, and
parallel scalability.
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Magnetospheric initial data as published in MNRAS (JM, P. Cerda-Durédn, M. A. Aloy, 2018)

Simulations of Blandford/Znajek process
Setting up a generic GRFFE problem

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.
(Cerda-Duran 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; Mésta et al., 2014; Etienne
et al., 2017)
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Scaling tests need scalable architectures

Parallel tests of GRiFFiN code - way to go!

Tearing mode scaling tests on static (flat) background. Einstein Toolkit shows

weak scalability (Loffler et al., 2012) on selected large machines.

Intel Xeon
Silver 4114 2.20GHz

@Valencia University

#project machine
#experimental

#2 nodes

#20 cores (1 thread)

Intel Xeon
E7-4850 v2 2.30GHz

@Valencia University

#shared machine
#experimental

#4 nodes

#48 cores (1 thread)

3.0
~25
L
g
S20
8
2
&
- 15
—__ 249.600 gridpoints y — 31.200 points per core
— 124.800 gridpoints — 15.600 points per core
62.400 gridpoints Lol 5.520 points per core
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Number of processor cores (n) Number of processor cores (n)
6

— 249.600 gridpoints
— 124.800 gridpoints
62.400 gridpoints

Runtime difference (T, /T;)

@

-

Iy

r

— 31.200 points per core
— 15.600 points per core
5.520 points per core

10 20 30 40
Number of processor cores (n)

5 10 15 20 25 30
Number of processor cores (n)



Black holes
in computers

Open forum: Let's discuss

Jens F.
Mahlmann

Power talk
Open forum
Deep dive

References

Questions. Answers. Remarks. Discussion.

Thank you.
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How numerical simulations (may) help us
Examples from CAMAP /Valencia

Neutron star mergers
forming a rotating black
hole with magnetized
environment. (Rezzolla
et al., 2011; Kiuchi et al.,
2014; Ruiz et al., 2016)

Goal: Access to
astrophysical scenarios
(e.g., binary mergers,

gravitational waves, jets).

Goal: Probing of specific
mechanisms (e.g.,
dissipation, radiation) and
development of numerical
codes/strategies.

Numerical simulation of
jet propagation (Mimica
et al., 2013).

Goal: Application of
established numerical
techniques within other
disciplines (e.g., astroeye).

Interdisciplinary work,
e.g., a joined project of
mathematicians,
theoretical physicists and
optometrists at the
University of Valencia.
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Relativitic jets are very strong accelerators
Observation of cosmic high energy phenomena

e Jets are highly collimated
outflows from compact
objects.

e Very high Lorentz factors are
possible.

e Both internal and external
shocks are subject of current
studies and simulations.

o Dissipative mechanisms occur
in interaction with the
interstellar medium.

Open questions remain mainly in
Jet launching and collimation.

Figure: Top: Pulsar IGR J11014-6103 (Chandra X-ray
observatory). Bottom: M87 radio galaxy (National
Radio Astranomy Observatory).
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Stage I
Theory/Numerics

Stage | published in MNRAS (JM, P. Cerda-Durdn, M. A. Aloy, 2018)

Research stages and methods
Numerical simulations as astrophysical experiments

Stage |l
Simulations

Stage Ill:
Evaluation/Feedback

Grad-Shafranov initial data

® |mplementation and
testing of a numerical
procedure for
magnetosphere data.

® Expand solving
schemes towards more
complicated field
topologies.

Einstein Toolkit setup

Fortran code segment

® Preparation of initial

data for time evolution
setups.

® Adaptation of suitable

evolution schemes
(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=76.,0d0+16 . 0d0* rBLY*6 .0d0+16 .0
4.000+bhspin_sq* (-bhspin_sq+4.0d0+bhspin*bhi
sin(4.0d0*theta () ) +bhspin®*4.0d0+Del taBLAO:
(32,0d0+Del taBL*SignaBL*+2.0d0)
€22(1,1,1,3,k) = ((2.000*bhnass- rBL)* rBL-bhspin_
bhspin. sq* (bhspin_sq-2.0d0*bhmass* rBL+rBL_s:

! 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 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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Deep dive eVeryday work:
CAMAP . .
Jets ® Rezzolla et al. (2011) project required
ARGACED ~ 200.000 core hours.
orce-free
evolution
e CAMAP used ~ 250.000 core hours in
References

wide-area computer centers the last 4 month
(more that 5 million the last 5 years).

Post-merger data Relativistic jets are a post-merger phenomenon,

' hence, the (violent) merger simulation is not
required if physical initial data could be used
instead:

® Reduction of numerical complexity of the
employed code.

® Faster access to relevant simulation episodes
(in order to do theoretical astrophysics).
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[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)
CAMAP
o VLFR = JF VFR = 0 VuTH =0  V,2F =0
Project status
Force-free
evolution
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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Jens F. . ) )
Mahlmann Conserved flux formulation (dynamic spacetimes)
[1] Full Maxwell’s " Bi— tgi
equations evolution 3 S
= o F = - (D/ taB )
® Requires ST giyvg =7 ik g, 20 pipi
CAMAP q I eV Ep + a (cpy n )
Jets (force-free) Di— 2gi _ (efijk " ag%)
Project status
Forcefree currents (cf.
evolution Komissarov, —~ya r;ﬂ (Ch2,ytxﬂ _ nanﬁ) —ayry
2011) S = —’yagbrilﬁgo‘ﬁ = O S = —aYKyd
® Fluxes derived S [erh s (1298 = non?)] 5 & a
from .cz?nserved _,Yad)riwgaﬁ — 0
quantities
K2 B — ¥pgi
[2] Energy flow c==~ |8 +2g F=ry| g +a (Ch2"/u _ n,n,) ®
evolution Tt o/,
® Dis
reconstructed — —yap T, (chzﬂ/aﬁ _ panB S
(D ‘B= 0) Sp = — [a'yrgﬁ (chz'yo‘ﬂ = n"‘nﬁ)} Ss = 0
® Fluxes derived Lag,,, TH 0

from primitive
quantities
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