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Introduction

Extraction of gravitational waves

We want to extract the gravitational wave signal from the code at 7.

*Courtesy of A. Vafio-Vifiuales
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General Relativity in GHG vs. GBU(F) model

Gauge choice is important!

The hyperboloidal method is for evolving hyperbolic equations.

We want to apply it to GR in Generalized Harmonic (i.e. to impose C* =T+ F? =0)

EOM for GR in GHG are
Ov = Ny
act = —4(Vrw)? —2VF + Ner

DCE = VTC_E +ch

N N

OCy = 5V7Cx + N

Oe = %VTE + N,
06 =V7F° + N
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General Relativity in GHG vs. GBU(F) model

Gauge choice is important!

The hyperboloidal method is for evolving hyperbolic equations.

We want to apply it to GR in Generalized Harmonic (i.e. to impose C* =T+ F? =0)

EOM for GR in GHG are The fields decay asymptotically as the
OV = Ny Good-Bad-Ugly (-F) model
0ck = —3(Vr¥)? —2VrF + Ner Dg ~ 0
2 1

R 2 R Ob~ (Vrg) + 5Vrf

ey = RVTC+ +ch Ou~ 2Vru
2

ocE = Evrc} + N Of ~ 2V+f +2(Vrg)’

Oe = %VTE + N,
06 =V7F° + N

Smart choice of gauge source functions is important
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Asymptotic decay of the fields

GBU(F) model

The good, bad and ugly fields have different asymptotic decay:

T-R
g ~ 0 gw%
Ob~ (Vrg) = y . Bi(T—R) +logR BT — R)
Ou~ 2V7u R
ﬂ
YR
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Asymptotic decay of the fields

GBU(F) model

The good, bad and ugly fields have different asymptotic decay:

Hg~0 G(T—R)
2 1 & R
Ob ~ (Vrg) + ﬁva =
Ou~ 2V7u wadT—RHI;ﬁBﬁ{\W)
Of ~ 2V1f +2(Vrg)’ my
unr~ F

The quesion is: can we capture this asymptotic cancellation numerically?

%105 Snapshot at time = 10.0
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Geometric setup

The choice of variables and the metric representation

Take (T, R, 6, ¢) coordinates that asymptote spherical polars.

The functions C+(T, R) are defined by requiring that the following vectors are null
€ =07+ CO, £ =07+ C0

The function §(T, R) is defined by the covectors

-5 -5
ga=€ &, g,=e £

satisfying 0.0 = —0,0p =1 .

The metric takes the form

2¢8C, C_ ea(C7+C+) 0 0 In terms of lapse and shift
Cr—C_ c_—C; o2 i
e (c_+¢y) 268 0 0 a=e 5(Cy —C)
8= c_-C C,—C_
0 o e“R? 0 A R {(R
0 0 0 e‘R’sin’f
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Equations of motion

Reduced Einstein Field equations

Recall GHG is to impose C*=T?+ F? =0, where 7 = gbc e .

Spherical symmetry = F’ = R~2 cotf, F®=0. (R = Re6/2)

Define the reduced Einstein Field Equations
1
Rabp — V(acb) + Wap = Tap — Egab Tg
Coupling to a massless scalar field they read

D, (2 /"?2DQC+> + RD, (f?F") C D, RS L~ e BP(D, ),
K

K

Dy (%f\’zDgC_> — RD, (/"sz) _ DR DicC_

+ Wﬂ = 871';?2(qu/))2 )

LR* — 2+ Wy =0,

DyC D, C_ — DyCyDyC_ 2
R2

(a6 + D,F"+2e‘5< -
K

etS
f— ) = 167 — DytpDyt)
K

iy =0
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Asymptotics

Comparison with GBU(F) model

According to our classification:

@ 1 is a good wave equation

o C; and € are uglies (by constraint addition)

@ 0 is good/ugly depending on gauge choice

% C_ has O(R™?) source = bad wave equation

To regularize C_ we take

Fo =<+

2P -4 fod p 1
-— € —1, Ffz—T—Tl"‘Cf +TF
A ) A )+ gFen

2| N

where Fgp satisfies

OFep ~ %DJ1 + 167(Dy1))?
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Hyperboloidal coordinates

Height function and Eikonal

r
Take a fixed compactification R =

1
(1—r2)n-1
We can construct hyperboloidal coordintes two ways:

o With height function: 7=T—H(R) with H=R+mc logR—r

@ Through the eikonal equation: 7=u+4r where  g?*V,uV,u =0

Demanding V?u o o implies outgoing coordinate lightspeed c| =1

Dual Foliation: (T, R, 0, ) REFEs components evolved in (7, r) coordinates

- This approach allows us to keep hyperbolicity properties while reaching J+.
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Spherical GR numerical evolution

Evolution

Snapshot at time =0.00
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Spherical GR numerical evolution

Black Holes

Schwarzschild perturbations

QNMs and tails of g +1.002 Bondi mass
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Spherical GR numerical evolution

Technicalities

r
The compactification R = ———— implies R’ ~R" (1<n<?2)

(=)t

Norm convergence all fields

OHF  — OHF - 0 Eikonal - Q, Eikonal

Formally singular terms in U™ and F, EOMs

/

R
U™ = —U 4.
+RUT+

Convergence factor

- R __ -
OrFep =+ 5 (Fop + 1(GT)) + ...

Figure: Convergece for n < 1.5

Norm convergence all fields

Can we avoid FST? w0
@ Adding constraint R?CZ
@ New gauge source FZ,, = F7 + %(C_;_ -1)
We can get rid of (almost) all FST .

Figure: Convergece for n =2
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Summary and outlook

Hyperboloidal approach for GR in GHG

We have:

@ Regularized REFEs at J 1 and extraction of radiation signal
@ Evolution code working and converging for every possible case
o Constraint satisfying ID in spherical symmetry

What we aim for:

e Full 3D GR
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Summary and outlook

Hyperboloidal approach for GR in GHG

We have:

@ Regularized REFEs at J 1 and extraction of radiation signal
@ Evolution code working and converging for every possible case
o Constraint satisfying ID in spherical symmetry

What we aim for:

e Full 3D GR

Thank you
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