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New Challenges in General Relativity
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Challenges for aLIGO/3G waveform modelling

Accuracy requirements for waveforms
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� With 3G detectors have high SNR: systematic errors will become dominant.

� Distinguishability criterion[Flanagan+97, e.g. Chatziioannou+17]: M < N
2ρ2 .

� For 3G, NR waveforms are not accurate enough. Need more efficient codes.

� Bonus points: accurate higher order modes.
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Challenges for aLIGO/3G waveform modelling

Parameter space coverage
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� Even for BBH systems, parameter
space is vast and needs to be larger:
eccentricity adds 2 more dof.

� Pushing out in parameters is
expensive: e.g. cost goes as q2

� Need longer waveforms (e.g. Bohé
et al, 2016), while having
appropriate accuracy

� Need new techniques to be up to
the challenge
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Simulating BNS systems

GRHD Simulations
� BNS signals detectable for thousands of GW cycles; no long BNS waveforms

available [longest BNS simulation 22 orbits; Haas et al., 2016]

� parameter space coverage is worse than in the BBH case

� CoRe database:
164 setups [Dietrich et al., 2018]

� SACRA database:
46 setups [Kiuchi et al., 2019]

� others (my guess: 150 setups; SXS,
Frankfurt, Parma, UIB, PI, Illinois, ...)

More e�cient codes are needed
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Simulating BNS systems

GRMHD or GRRHD Simulations

� GRMHD: small length-scales driving magnetic
dynamos not resolved (Kiuchi et al., 2017: still
� 2 orders of magnitude too low)

� approaches to incorporate e�ect of small length
scales:

� subgrid-scale models [Giacomazzo et al., 2014]
� � -viscosity simulations [Shibata et al., 2017]
� GRLES [Radice et al., 2017]

� GRRHD: Boltzmann-Equations (4D! 7D
parameter space)

� leakage schemes [Rosswog, Sekiguchi, Galeazzi,
... ]

� moment schemes [Shibata, Foucart, Radice, ...]

New techniques needed
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Modeling challenges for LISA

(credit: M. van de Meent)

� accuracy requirements
� source dependent
� similar to 3G

� new science cases
(as compared to ground-based)

� massive binaries: high spin,
eccentricity, precession

� intermediate mass ratios
(modelling gap 1=20: : : 1=106)

� environmental e�ects
� strong-�eld tests of gravity
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Simulating the exotic
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Numerical relativity beyond GR
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Numerical relativity beyond GR

Dynamical Chern-Simons gravity Einstein dilaton Gauss-Bonnet gravity

See Okounkova+19, Witek+2018, Okounkova+17
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Simulating the exotic

Boson stars/axion stars merging with NSs

� simultaneous solution of GR,
GRHD, Klein-Gordon Equations:

) no consistent initial data
available

� �rst studies reveal that
NS-BS/NS-AS merger can look
similar to a NSNS merger

Dark matter imprints on BNSs
� dark matter e�ect during the inspiral leads to dephasing

) PN studies available [Hook et al., 2017, Huang et al., 2018];
) never tried with NR simulations

� imprint of nucleon-nucleon-axion bremsstrahlung not even visible with 3G
[Dietrich & Clough, 2019]

New techniques and codes needed
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Simulating the exotic

Cosmic Strings
� Di�erent methods of modelling cosmic strings:

) Nambu-Goto [e.g. Sakellariadou 1991; Allen and Shellard 1990]
) Field theory [e.g. Vincent, Antunes and Hindmarsh 2008; Battye and
Shellard 1994; Yamaguchi 1999; Klaer and Moore 2017; Villadoro et al 2018]

� Methods give di�erent GW predictions [Review: Battye and Moss 2010]
� NG requires addition of parameters by hand e.g. three NG models with

di�erent loop distributions considered in latest LIGO string paper
[LIGO/VIRGO Collaboration 2018]

� Recent work has aimed to address this:
) Field theory with large string tension
[Klaer and Moore 2017]
) GRChomboadaptive mesh re�nement
[AD and Shellard 2019; Helfer, Aurrekoetxea
and Lim 2019] - see talk later
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Black holes in higher dimensions
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