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outline of the work

Gws from even-parity oscillation of a
perturbed TOV star

Compare the results obtained from
3D FGR stmulations with perturbative ones (1D, linear)

v Zerilli extraction

v W4 extraction

v Quadrupole formulas

v" Non-linear effects (as a function of the

amplitude of the initial perturbation)
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Motivation

aqws from NS oscillations

excited e.9. after Supernova Core Collapse
non-linear oscillations !

=

=
test-bed for 2D wave extraction methoas

(tn non-vacuum spacetimes) and for awaLgsis methods

why a LLnear time-domatn code ?

m Perturbative methods: quast equilibrivim systems
— 1D: computatiowaug less e)q:ews'u/e then =D
= Accurate results (more resolution)

check 3P extraction methods
Basts for non-linear analysis
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Startegy: the double approach




Startegy: the double approach




1D time-domatn code: P erBaCCO

P erturBaﬁve Cons]craine(l COCIG

All Rinad of TOV perturbations (RW gauge, spherical coord.)
rRadial, Axial and Polar perturbations: (constrained) Wwave Egs

Standard Ul order FD schemes

v Even-parity: constrained algorithm

Use tabulated equations of state (Eos) for nuclear matter

Zerilli-Mowncrief (even-parity) and Regge-Wheeler (odd-parity)
gauge Lnvaritant -(:uwc’ciows

h_|_ — lhx — Z Z Ng (\Ij(e) \Ijé,o,r)n) —2n,m(97 ¢)

l 2 m=—/¢

REFs: [ Nagar 2004 / gr-.qc/0408041 2004 / Nagar et al. 2004 / Bernuzzi et al 2008 / Bernuzzi & Nagar 2008 ]
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Cactus-Carpet-Whisky: setup

* Metrie/Matter evolutlon:

v (ADM) NOK-BSSN + GRHD Cons Form

v gauge: “l+log” + Gamma Driver

5S10)

‘/ MoL: ICN oiologibm-oo

I.l

v" HRSC: Marquina + PPM

= csl= == o C'YLOI:

:!:.:!: v 3 cubic boxes, Dx=0.5

L L L b v Octant Sym

v CFL=0.25
Developed mainly @ AEIL LSU
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Computer Cluster L Parma

Y ALBERI2

INFN AUE@@N

(o XK ALBERTIOO

1& wooles: bi-processor opteron 2 GHz
4 B RAM

2 TB RAIP 5 storage

TrEfprpimana

e

infintband

¥ 32 nodes: bi-processor Pentium (Il - 1.5 GB RAM
X tooBaseT fast ethernet

% Peak : 100 Gflops




InttLal Data: Whisky PerturbTOV

* ToVegs (Whisky TOVSolverC)

* Perturbation (Whisky PerturbTOV):

v add pressure perturbation
v solve (perturbative) constraints for each multipoles

v construct perturbed metric

»  Fix a specific multipole (| constraint eq)

»  Axisymmetric pressure perturbation
»  Metric perturbation: 58%0 = (XKO -+ kg0)€2adt2 — 2¢go€a+bdtdf
2b —2 —2
+e? [(xeo + keo)dF + T keodQ] Yig
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Matter perturbation

Perturbed pressure: op(r,0) = (p+ p)Hpo(r)Yeo(0)

-3
%10

enthalpy profile: 2sp

n+ 1)rr
2R

H = hsin |

uadrupolar mode:
V=2
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(Linearised) Hamiltonlan constratnt solution

- — = 3D Cactus—Whisky

— Linear code
2 3
|
/’f‘

10 20 30 40 50 60
r

Cowformally Flat (>
(‘(:Luid modes):
Xeo =0




Equilibrivm model and radial modes

*  Perfect fluid, Polytropic Model AQ M =1.4Mg p. =1.28 x 107° R =9.57

*  Stable Bvolution wnperturbed model (Radial Modes)

n Pert.[Hz] 3D [Hz] Diff. [%]
0 1462 1466 0.3
1 3938 3935 0.1
2 0928 D978 0.8

o Stable Bvolution of the sequence AU
(Mwiforml,g rotating wmodels and fixed mass)

MODEL F [Hz] F(CF) [HZ Ny - - _
AT0 1466 1453 | oAU sequence
AU1 1369 1398 | I Y
AU2 1329 1345 | | |

AU3 1265 1283
AU4 1166 1196

AU5S 1093 1107

[Dimmelmeier et al 2007]

=




Even-pa ritg perturbative waves: Loentlielt

*  Radial grid with 300pts Lnside the star

*  Long evolution (about 1 sec)

i

f'\

1. Fowrter ana 55&5

2. FLt awaLgs'Ls

| 3. Finite extraction effects

w107




|
0.5
time [s]

Fourler awaLgsis:

vy 1581 Hz
vy, 3724 Hz

1




2. Fit am,aLgsLs - RNMs temeplate:

N

(e) ~ Z Agk COS(QT&'Vth -+ ¢2k) exp( Ckgkt)
k=0

1.5 T T T T T T

nz 0.3 0.4 05
time [s]

3708.3413 | ©=[ 0.26768 2371 o 10 v =[1563.7369  3706.9413 ] v=[ 0.26766 z_éﬁ"r]\

1 T T T T I
signal Signal
— T TFIT —==FIT

\

0.974 0.38 0.982 0.984




2. FLt awatgsis - results:

Parameter Value Conf- Conf+
1.5837369e+03 1.5837368e+03  1.583737e+03
3.7069413e+03 3.7069401e+03 3.7069424e+03

3.7358 3.7349 3.7367
4.22¢-01 4.15e-01 4.29¢-01
1.31452¢-03 1.31430e-03 1.31475e-03
3.52¢e-05 3.50e-05 3.53e-05
2.809e-01 2.807e-01 2.811e-01
3.965e-01 3.929e-01 4.002¢-01

7r = 0.268 sec (0.1%)
Ty, = 2.28 sec (2%)

Damplng TLmes:




3. Flnite extraction effects

—

100 200 200 400
rih




=. FLnlte extraction e

-4
X Data
——Fit |

—— Confidence -
—— Confidence +

0.005 0.01 0.015 0.0z
=T




Comparing 1D Vs 3D Waves

m Different values of the tnitial perturbation amplitude:

, h = [0.001,0.01,0.05,0.1] := [h0, h1, k2, h3]
m \A/ave Extraction at r = SOM

%10 hd

|
i
i
i
f




h vl [Hz] Diff.[%] v2L [Hz] Diff.[%]

1578 0.2 3705 0.5
hl 1576 0.3 3705 0.9
1573 0.5 3635 2.4
1623 2.7 3565 4.3
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intttal “burst”

-3

x 10 | | | | | | v High frequency osctllations

IR
—OHW
=_OoOoO0

S
I

SIS

v linear grows in r

Vv lnereases with resolution

v greater for higher initial

Perturloatiow a mpLLtuale

v smaller whew full

—

constraints are solved

20 40 60 80 100 120 140 160
t

wiph 3sicaL and related to the constratnt
violatlon and to the Z erilll 2P extraction ...
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Y4 extraction

h perturbation

1000 1200 1400 1600




Y4 extraction

Q V Cownslstent with 1D

v DPOES NOT grows in

h perturbation

SO0

1000

1200 1400




How to recover the Zertlll's ?

W V-WANVAVAVVAVAVAAVAVAVAVAVAVAR
\J

\J

———from 3D w4 Corrected

— from 3D pt bare

- - —floor

\

|

0 500 1000 1500 2000 2500 3000
u




How to recover the Z.ertlll’s ?

e (t / dt/ dt” lim | 7“\114(75",7“)]}
Q0+Q1t—|—/ dt/ dt” lim 7“\114(75”,7“)]}

7“—>oo

Q0+Qlt+/0 dt’/o dt” (ro* (", r)+ f(t", 7))

t t’ n
Qo + Q1t + / dt’ / dt"rU*(t",r) | + Z Fr(r)t* +
0 0 fe—9




How to recover the Z.erilll’s ?
1. “off-set” function

e (¢ / dt/ dt" lim | 7"\114(75”,7“)]}
Q0+Q1t—|—/ dt/ dt” lim | 7“\114(t”,r)]t

’I°—>OO

Q0+Q1t+/0 dt’/ dt” (ro* (", r)+ f(t", 7))
0

t t/ n
Qo + Q1t + / dt’ / dt'"rUt(t" )|+ Fe(r)t +
0 0 k=2




How to recover the Z.erilll’s ?
1. “off-set” function

e (¢ / dt/ dt" lim | T\If4(t”,7°)]}
Q0+Qlt—|—/ dt/ dt” lim | 7“\114(t”,r)]t

’I"—>OO

Q0+Q1t+/o dt’/o dt” (ro* (", r)+ f(t", 7))

t t’
Qo + Q1t + / dt’ / dt"r*(t",r)
0 0

2. “slow” VarlLatLown
Let’s tra: K
i / ¢/ ¥
U (¢, r) / dt’/ dt"rU*(t",r) + Qo + Qit + Fot® + ...
0 0
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V.V VAAAVAVAVAVAY
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VVVVVVV\\V/
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(

.

(Ownce corvected for the floor) Zerilll from the Y4
extractlon LS per'(:eotl,g conslstent with the pertu.rbat'we

\

J

-0.011

-4

from w* (n=2)

= = = [no subtraction]
—1D




Now-Linear effects

Mode couplings:

Y non-axisymmetric + odd
parity modes : suppressed

Mode Amplitude, Azn

v radial modes

v ell=4,6 m=0,4 (grid)

oo1r 002 003 004 005 008 007 005 003 04
h

STRATEGY:

Fourier analysis of (p)g.m(t) d3xp(t, X)Yo m

“weak” couplings Veoupl = V1 £ V9
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uadrupole extraction

’

Functional form:

I;:lo] = /dgazga:ia;j
No “Standard @uadrupole”
in full gr.
b ieati —

( rém. h—|— —thy = Z hﬁ,m —2Y£,m)
£,m
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Frequencies : OK

700

SQF : o=p
SOE =0 = a2\ﬁTOO
SQF2: o= ,/AWp

SQF3: o =up = %p

J

Differences in amplitude !




N soF Il =oF ] sar? [ ] s6F3

1 Z
¥ [perturbation amplitude, hx)

*  Frequencies : OK

* Differences in amplitude !




Summia Vg

Perturbative 1D (Whisky PerturbTov)
Evolve with both 3D FR and 1D perturbative code

Wave extractlon: WaveExtract (Zerilli) ,
Psikadelia (Psi4) and SQF's

Compare res ults
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Coneclustons

e Zerilll Extraction

v 3D Zerilli extraction
consistent with Perturbative
(linear regime)

Extraction r>80M

initial junk Zerilli Extraction

« W4 extractlon

v

3D Psi4 extraction
consistent with Perturbative
(linear regime)

Extraction r>80M
NO junk radiation

Off-set subtraction needed
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Cconclusitons

o Zerilll Extraction e W4 extraction

v 3D Zerilli extraction
consistent with Perturbative
(linear regime)

v 3D Psi4 extraction
consistent with Perturbative
(linear regime)

-

Compa rLson with pcrturbativc stmulations Lndicates that

~

both method miust be taken Lnto account to extract
accurate waveforms
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Cconclustons (cont.)

* Quadrupole Extractlon

v Frequencies arte properly captured

v Amplitudes are underestimated [Shibata Sekiguchi 2003]

v BEST:SQF2

* Now-linear effects

v radial couplings
‘/ overtones cou p||n gS [Passamonti et al. 2006 / Dimmelmeier et al 2007]

v self coulplings
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ALESSANDRO WA 6K A998

Thank you very mueh!
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