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The final fate of a neutron star binary
n Gravitational waves sGRB
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The final fate of a neutron star binary
Gravitational waves sGRB
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binary (< 1kHz)

Electromagnetic precursors @ @/

- Magnetospheric interaction V
can release of significant /

amounts of EM energy

- EM precursors can constrain

binary parameters (e.g. spin) g \ 2
\ ﬁ)s.kM

ERM & Philippov (ApJL 2020)

, 13 Twisting of field
B* da 4
Lo = 1.4 % 10% L, ( ) ( > SeLaM lINes can enhance
102G 30 km i
emission (¢ > 1)

Lai (2012)
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Spinning neutron stars,
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* Rotating neutron stars are yoa\ 7l

observed as radio pulsars. Y
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* [heir rotation rate can be o N
: /1 - ]-(;,ld I'nnves Ei(_;ht

accurately measured from the I\
radio signal. /AN N

*Pulsars are thought to be born _ Lorimer & Kramer (2004
. . : - radio
slowly rotating, spin-up requires 0 | |<gamma |

mass accretion from a

10—13 - |
companion a
10710 R
* Fastest spinning pulsar
10—19 - ]

PSR |1748—2446ad

rotates at P &~ 1.4 ms T T T
Hessels+ (2006) p(s Petri(2016)
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Pulsar magnetospheres
- Pulsars are equipped force- voltage gap

free magnetospheres \ B
consisting of a highly 4 |
conductinge™ — e™ pair o | \

lasma  Goldreich&Julian (1969)
P R Neutron star pole
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Pulsar magnetospheres

- Pulsars are equipped force-
free magnetospheres
consisting of a highly
conductinge™ — e™ pair
Nlasma  Goldreich&Julian (1969)

- Field lines beyond the light
cylinder open up

Elias Roland Most Frontera User Meeting 01/28/2021



Pulsar magnetospheres

- Pulsars are equipped force-
free magnetospheres
consisting of a highly
conductinge™ — e™ pair
Nlasma  Goldreich&Julian (1969)

- Field lines beyond the light
cylinder open up

- Strong current sheets are
present that might be
responsible for some of the

coherent radio emission
Philippov+(2019)

. Bhilippov+(2019)
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GReX code ERM+ (in prep)

U v\ _ _ %
Vﬂ <Tl/fydro T TSM) =0 G, = <TM + T4y )

* GRMHD with dynamical spacetime, |
both fourth order accurate f = f + —A?f

24
*Solves GRMHD in local frame with
optional HLLD Riemann solver

* Dynamical space-time evolution
using Z4c

e Full dynamical AMR capability
through AMReX framework

* Recently extended to fully resistive Binary black holes in ambient gas
GRMHD with force-free coupling
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Adaptive mesh refinement in simulations
of binary neutron star mergers

o At
at

the time of merger a shear layer forms

the contact Iinterface of the two stars

* Ad

to gravity between the two stars
ERM+ (in prep)

ditional perpendicular compression due

35m resolution

on 12,000 cores

]

computed with GReX "

:

ERM+ (in prep)

» Kelvin-Helmholtz instability can amplify
the magnetic field strength by several
orders of magnrtude  Kiuchi+(2015,2018)

Exploratory dynamo studies
with V. Skoutnev & A. Bhattacharjee (PPPL)
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Under the hood

e All computationally heavy routines have been written using
modern C++ [/ expression templates and zero-overhead parallel
data types

* Allows to write easily maintainable code that will be converted
to Intrinsics at compile time(even with many branches)

1

RY =
14

~ k _ k
W D.D;W + 7ij(—DkD W — —DWD W).
auto W2Ricci_conf = evaluate(sym2_cast(

1./2. x DDW - 1./4.%W_sq_inv*x tensor_cat(dw,dw)
+1./2.%(divDW - 3/2.xcontract(dw,dW_u)*xW_sqg_inv)*xgammat));

if constexpr (std::is_same_v<simd<T, Abi>,

simd<double, Vc::simd _abi:: avx512>>) {
) return static cast<simd<double, Vc::simd_abi:: avx512>>(
(M Kr‘etz, V¢ |_|b|"a|">/, _mm512_castsi512_pd(_mm512_alignr_epi64(
, _mm512_castpd_si512(static_cast<_ m512d>(b)),
ISO C++ Parallelism TS2 “mm512_castpd_si512(static_cast<_ m512d>(a)), Shift)));

https://github.com/VcDevel/Vc }
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GRMHD and Force-Free

e Complete CFD module has 100% vector register use

* Limrted interpolation(WENODS) has same cost in all direction,
also for non-contiguous directions. (About 6% of total runtime)

* Made sure all memory access Is vectorized and aligned with
cache line.

* Non-linear root-finding fully vectorized using masked assignment

if (abs(R) < 1. && nn > 2) {
press_pp = press_prev;
press_prev = press;
press = Paitken;
an += (press — press_prev)
rhostari;

auto mask = (abs(R) < 1.) && ('mask_conv);
if (any_of(mask) && nn > 2) {

where(mask, press_pp )= press_prev;
where(mask, press_prev)= press;
where(mask, press )= Paitken;
( )

where(mask, an += (press — press_prev) * rhostari;

};
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Efficient use of the HPC architecture
Skylake-X workstation
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Efficient use of large machines

Weak scaling FRONTERA Strong scaling

=
N
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¢ o o o = b
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D

o
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—A— GReX 1-

0.0

Number of cores Number of cores

 Excellent single and multi-
node scaling.

- Code has been optimized on
SuperMUC-NG with help of

HPC-tuning staff (AstrolLab)
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Electromagnetic precursors

Elias Roland Most Frontera User Meeting 01/28/2021



Electromagnetic precursors
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Electromagnetic precursors
Adding the right twist
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Electromagnetic precursors
Adding the right twist

Twist induced by
spinning heutron star

S~ I
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Electromagnetic precursors
3D Force-free electrodynamics simulation

Corotating frame B

ERM & Philippov
(ApJL 2020)
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Pre-merger flaring
3D Force-free electrodynamics simulation

time (orbits) = 0.42

ERM & Philippov
Corotating frame (ApJL 2020)
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Emission mecha

*Need to convert the emitted
electromagnetic energy into
coherent radio waves!

to the one In magnetar model @
of FRBs (maser emission from

Beloborodov (2017)

10% 5

* Electromagnetic fireball similar=

magnetized shock) Lyubarsky (2014),
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*Merger of plasmoids
bromise to be another
botential channel for

coherent radio emission
Philippov+(2019)
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ERM & Philippov
(ApJL 2020)
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How much energy can we dissipate?

Initial relative offset dependence

> . Emission

*Emission of flares is
heriodic with orbital
Darameters.

—

A

* T'his dissipative
power and emission
will depend on the

X
)8l

! S Iax
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fraction of field lines

that can be twisted N b

(and which

eventually Ny

reconnect). .
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Exploring the parameter space

Flaring happens for different alignments and magnetizations

different tilts
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Exploring the parameter space

Flaring happens for different alignments and magnetizations

10x weaker field
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Exploring the parameter space

» X-ray timing of the
NICER mission has
revealed that PSR
JO030+0451 has a
multipolar fiela
Structure. Bilous+(2019) Riley+(2019)
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Exploring the parameter space

- X-ray timing of the
NICER mission has
revealed that PSR
JO030+0451 has a
Multipolar field
structure. Bilous+(2019)

z /| R,

Does flaring still work
in th|$ Case? v/ B Gralla+(2017)
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Exploring the parameter space

Flaring happens for different topologies
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Outlook: Flares in magnetars

time = 183.00000000000608 le—8 00
10-\\'\\ \\ ‘4 ////
—3 0.75
Flares can also be. }\\ # % "
launched from twisted s-/ﬁ\ |

ma tar K}:\ 0.25
ghe N (,
magnetospheres RN | e g

Parfrey+(2012) -0.25

Highly relevantin the
context of recent
Fast Radio Burst

observations from 1 l\k\ —
galactic magnetars O i S e

| xR,
Bochenek+(2020) ERM,Ripperda,Philippov+(in prep)

e e ——— e e
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Outlook: Alfen waves in magnetars

a0 l'illlt' (ms) = 3.95'
Instead of magnetar o _ :
giant flares, itis also wo| T mi
possible to consider oo A0 man" AR |
non-linear Alffvenwave : | 3= @
interactions. Yuenszozo) | TEETEETEEEEEEEEE
Since the plasmoid w0 W o

formation in the current
sheet happens at large
scales, can leverage
adaptive mesh
refinement.
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Outlook: Balding black holes

A very similar

phenomenon happens
for balding black holes.

Lyutikov+(2011)
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Bransgrove, Ripperda & Philippov(in prep)

d lines to reconnect.
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Conclusions

Twisting of magnetic field lines before the merger
can launch powerful electromagnetic flares for a
wide range of orbital parameters
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