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Introduction

- Einstein gravity (GR):
Ouo[0og] = 8 Opn[matter]

=) black hole born during gravitational collapse

- Exact solutions available for

- Black holes
- Gravitational collapse models

- Initial motivation for numerical simulations:
Ogn(ID) threshold between two possible outcomes:
black hole or empty spacetime

- Massless scalar field  evolution [Choptuik1993]
Numerical evolution of spherically symmetric ID
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Dependence on initial data

- With  satisfying =0 >

- flat space
- Schwarzschild BH

- One-parameter ID family with0=0 =) =0 0 p
- BH collapse threashold 0 =10
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Dependence on initial data

- With  satisfying =0 >
- flat space
- Schwarzschild BH

- One-parameter ID family withO0 =0 =)
- BH collapse threashold 0 =10

- cf. supernova simulation outcomes

. neutron star . significant fallback . failed explosion, BH

10 20 40 60
Progenitor initial mass [M,]

Example of stellar collapse outcomes
[Pejcha2015]
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Dependence on initial data

- With  satisfying =0 >
- flat space
- Schwarzschild BH

- One-parameter ID familywith D=0 =» =0
- BH collapse threashold 0 =10

- Primary interest: dependence Ogn(0)

- Fine-tuning I0[0] in-between these outcomes — O

- Surprise: For massless initial data o[0] provide
O jO O]

- Universality — for any initial data
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Dependence on initial data

- With  satisfying =0 >
- flat space
- Schwarzschild BH

- One-parameter ID familywith D=0 =» =0
- BH collapse threashold 0 =10

- Primary interest: dependence Ogn(0)

- Fine-tuning I0[0] in-between these outcomes — O

- Surprise: For massless initial data o[0] provide

O jO0 O]
0=

> Univeselliy = ol &Iy IEEL i) Compactified spacetime diagrams for

- Discrete self-similarity — near 0 we see ‘echoes’ 0 (1 10 ™0 using null highly zoomed null

coordinates.



Near-critical spacetimes of collapsing axisymmetric gravitational waves — 1. Introduction

Dependence on initial data

- With  satisfying =0 >
- flat space
- Schwarzschild BH

- One-parameter ID familywith D=0 =» =0
- BH collapse threashold 0 =10

- Primary interest: dependence Ogn(0)

- Fine-tuning I0[0] in-between these outcomes — O

- Surprise: For massless initial data o[0] provide
O jO O]

- Universality — for any initial data
- Discrete self-similarity — near 0 we see ‘echoes’

- Various matter models lead to similar behavior
with specific  (see [Gundlach1999])
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Dependence on initial data

25

log(1 + D) at null infinity as a function of central time.
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Dependence on initial data

log(1 + 0) at null infinity as a function of zoomed-in central time.
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Scaling (AH mass)

-+ Apparent horizon is more involved

+ Needs 2D data
its mass changes fast fist
limited data for post-processing
¥ approximate Oay

- Slicing-dependent

+ Bifurcation

00 ——__ T A\ »
- TA /
—+— Brill+
0SS / A
-1.0 /;%
S s 2
1. e
Eﬁ
ED -2.0 Xaﬂ - J
=25 I
-3.0 l
-35 .’//\‘J
—-16 —14 —12 -10 -8 -6 —4 -2
log|A - A,|

FIGURE 12.14: Apparent horizon mass scaling for different ID families. Plotted is the mass M 5
of the earliest AH located in each simulation. The sharp drop in the TA+ and Brill+ curves

corresponds to the appearance of pairs of “off-center” horizons, where we show the mass of
one horizon in the pair.
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Discrete self-symmetry?
- Massless scalar field (right plot) is known to have DSS
near-critical spacetimes.

- With prohibited spherical symmetry axisymmetric and
plane-symmetric vacuum critical collapse leads to 2
‘centers’

- Subcritical evolution forms ‘bifurcated’ curvature
extremes

- Echoes in the curvature invariant  between different
collapse scenarios.

- Since its extrema span several orders of magnitude, we
plot contours of a dimensionless (but

coordinate-dependent) quantity ( )’ inthetz
plane.
- A DSS near-critical massless scalar-field collapse in the
right panel.
Left: TA+ 0 = 1:30080828; = 3:88

Center: Brill 0 =3:5090625; =159
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Universality of curvature extremes
- Observers travelling through in echoes see self-similar profiles

- Appropriately scaled ‘observer’s experience’
0 =<scale>? ; ;= =<scale>

- Ataxisonly ;& 0 —is [Weber1957] relevant approximation?

SN

[ —— Echo 3 - - - - TA(-1.22439)

gl Echod .. ... N/ - Brill(4.6965)
oo Bechos e Byill-3.5090625)
-3 ) -1 0 1 2
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Conclusions

- Even with axisymmetry near critical vacuum collapse simulations
are still hard

- Spacetime curvature is more severe then for scalar field case

- We observe ‘local’ self-similarity of curvature extremes (echoes) in
subcritical spacetimes

- Scaling does not seem universal, slopes are different between 1D
families

- More work needed
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