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& Introduction

& The mass ratio 1:10

» Numerical framework
» Overall properties
» Accuracy of GW signal

@ Long simulations with
» Setup




@ Equal-mass, non-spinning BHB “under control”
Scheel et al. ‘08

@ Unequal-mass binaries are harder!

» Lower degree of symmetry
» More demanding computationally
» 1-parameter family; which ¢ necessary?

@ Astrophysically relevant!

» SMBH formation may favor mergers around g =10
Sesana et al.’07




@ BAM code Briigmann et al. ‘08

» Puncture initial data

» BSSN evolution

» Moving puncture gauge

» FD 6% order in space, 4t order in time

@ Parameters
Ml

M=M, +M =—— =10
| 2 q M,




@ Shift condition

8,;6 :ZB, 8tB —(9tF —%B
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What went wrong?
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W
hat went wrong?
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@ 6™ order Convergence obtained for 4 = i , 4 ) v
165" 187 209

@ Insufficient resolution

» Loss of convergence
» No inspiral...

@ ¢ =10 more difficult than earlier study g =1...4

Gonzalez et al. ‘07




'What went wrong?




WWhat went right?




E_ =(0415+£0.017)% M ,,,for Ap =40 priorto 4

0.04

— Eq. (8.13) Berti et al. [25]

O Gonzalez et al. [14]
¢ g=10




Eqgs.(2-5), BKL [94]
Eq.(3.17b) Berti et al. [25]
Tab.1, Damour, Nagar [96]

- Tab.1, Damour, Nagar [96]
Eq.(5) Rezzolla et al. [89]
Eq.(7) Tichy, Marronetti [91]
Eq.(C6) Baker et al. [78]

O Gonzalez et al. [14]

O q=1 0
0.15 0.2

n




200

— Fit by Gonzalez et al. [14]
- - EQq.(1) Bakeretal. [97]
-— EQq.(1) Schnittman, Buonanno [98]
0 Gonzalez et al. [14] '
< =10

0.1 0.15
n



@ E_=(041520.017)% M,
j. =0.259=0.003
v =(66.7+3.3) km/s

@ Good: Excellent agreement with various fitting formulae.

@ Bad: Does not discriminate between different formulae.

@ Needed: ¢ =10 simulations with spin!
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Wave signal

Inclination angle:
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\Wave signal

Inclination angle: 9 =45.5C¢
—
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- Multipolar distr
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- Accuracy of waveform

@ Resolution: 6! order convergence

@ Extraction radius: r, =18M, 27 M, 36 M

@ Procedure: Quadrupole only! ¢ =2, m = 2
» Decompose  Vem = Agme™?

» Align waveforms at max(4,,)

» Richardson extrapolation of 4, ¢ using 6t and 4t order




Accuracy of waveform: Phase
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Accuracy of waveform: Phase
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Accuracy of waveform: Phase

30
2ok — 9, (rex =36 M)
i — 9. (rex =36 M)
50+ — ¢f(rex =36 M)
60+ - ¢
70+
I 1 | 1 | 1 .
'8-%00 200 -100 0 100

t/M




Accuracy of waveform: Phase
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Accuracy of waveform: Amplitude

0016 I | 1 | 1 | I

0.014f |— A(r, =36 M) -

- A (r =36 M) :
0.012 - ex

— Af(re =36 M) _

0.01} _

0.008— —
0.006
0.004 —

0.002




Accuracy of waveform: Amplitude
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Accuracy of waveform: Amplitude
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Accuracy of waveform: Amplitude
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@ Higher multipoles significant in energy and wave signal

@ Accuracy limited by small and few r,_

@ Local maximum in 4 difficulties in extrapolating

@ Phase accuracy: A¢p =0.6 (optimistic)
Ap =0.8 (conservative)

AA

/]

~6% (optimistic)

@ Amplitude accuracy:




@ Lean code Sperhake ‘07

» Puncture initial data

» BSSN evolution

» Moving puncture gauge

» FD 6% order in space, 4t order in time

@ Parameters (about 20 cycles)
M:=M +M, My

D=109 M MM, v




Accuracy of waveform: Phase
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Accuracy of waveform: Phase
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Accuracy of waveform: Phase
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Accuracy of waveform: Amplitude
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Accuracy of waveform: Amplitude
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Accuracy of waveform: Amplitude
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@ Resolution 3r/160 already appears to give reaonable
accuracy for long simulations
@ Phase accuracy: A¢ =0.01...0.02 (inspiral)
A =0.02...0.09 (plunge, merger, ringdown)

& Amplitude accuracy: ~7% (early)

~2% (merger)

A
A
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A




@ Kick, final spin and radiated energy for ¢ =10 agree well

with formulae

@ Simulations of spinning BHBs needed to check formulae

@ Higher order multipoles important!

@ Accuracy limited by extraction radii; better than expected

Ap =06, 22_6%
A

@ Long runs with ¢ =4 “easier”




