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Two-bodies problem and GWs
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Black Hole Merger results

PHYSICAL REVIEW D 73, 104002 (2006)
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Inspiral part of the signal: ....

APPSR

INSPIRAL | RING DOWN

@ Post Newtonian approximation ....

® ... Damour EOB (Effective one
body) waveforms for the two
bodies problem.

m See Damour-Nagar about
matching Numerical-Relativity Exponentially dumped
waveform and EOB ones. oscillation (QNM)

Parma International School of Theoretical Physics, September 8 - 13, 2008 Roberto De Pietri: Introduction to Numerical Relativity 4
4




| RING DOWN
.g ﬂ

INSPIRAL

0.3F

.

0.04
U 0.02
7 R : U
-0.3 EOB I |
R IV Lo <

1200 1250 1300 1350 %400 1450 1500
NR

Exponentially dumped

oscillation (QNM)

-0.04

QNM part of the signal: 1D codes

DAL o i L, Tt G A Promar o PE DA Sty 51O S L R s e 5V b e MR e

e

-

-400  -300 -200

-100

-150

Parma International School of Theoretical Physics, September 8 - 13, 2008

-100

-50

t/M

50

Roberto De Pietri: Introduction to Numerical Relativity 5




MERGER part of the signal: 3D codes
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Numerical General Relativity

Rl T DR S S G e
sty e %QWR = 871G 1.,  Einstein Equations
Ngtea 0 Conservation of energy momentum
Vu(pu#)=0 Conservation of baryon density
p = p(p,€) Equation of state

Introduce a foliation of space-time
write as a 3+1 evolution equation

solve them on a computer ! 7% = (p(1 +¢) +pjulu” +pg™
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HSTEIEE A Bl L Tt BT P S DAY S ety = I ST AL Vs e SN st b A e BN e

Why Numerical Rela’rlvn‘y is hard!

DTS

No obviously “better” formulation of Einstein's equations
ADM, conformal decomposition, first-order hyperbolic
form,.... 227

Coordinates (spatial and time) do not have a special

meaning
this gauge freedom need to be carefully handled
gauge conditions must avoid singularities

gauge conditions must counteract “grid-stretching”

Einsteins Field equations are highly non-linear
Essentially unknown in this regime

Physical singularity are difficult to deal with
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— (o — B;8")dt* + 2B;dx*dt + ; ;dz'dz’

3+1 formulation

Z(T.On)

o :: lapse

>(1)

ﬁ’i :: shift vector

B =(0)
Zl . .

T

|l B e e = Tl o bR
to the ipersurface

N* g

oxrH o

ot

o

J

o
oxJ
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ADM evolution

.. N T W “Q',,..-,,'..casM;&Qg.......,ﬂisqu..,g,..uwa‘“&."*“ o S
O = 20l NGB Y 5, (2.1) 6 equations
P for the metric
- TR o s Al | m

ORy = —ViVjoto|Ry+ K Kij — 2KimK; +6 equations for the

5 2 time-coordinate
1 e T

_ &1 ( S 5%3. S) — AT o Yis derlv.a’rlve of: 'rl:te
metric (extrinsic

—I_ﬁmvazg St szvjﬁm 5E ijvzﬁm curva’rure)

(22
Hamiltonian + Momentum constraints

BR+ K? - Ki; K" — 16mp,p,, =0

+1 constrain equation

AU S KN e O
Vgl v ep e VG iz it +3 constrain equation
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ADM evolu’rion IS not stable

.\- WMMWW emunm“l’ ‘ .. e 2 sy - u“"l.‘, ’vw .’ ‘I' ¢'~", .‘

Use BSSN rewriting of the evolution equation
dp=—1aK+B'op+Ld B
d,K=-g"VV a +(x(Al.jA’f +1K)+B'0.K
9,8, =-2aK, +g,0,"+8,0 0 -2g,9,B"
91 =-24"9 o+ 20(T, e 2o K+6479 P)+
+ B, I -T"0, ' +2T79, 8" +1879 .0,8" +8"0 .0, B
0,4, = (-(VV.a)" +aR]") +a (4..1< o A )_ 9,0 0 +
+ﬁkak2ﬁ+@ikaj+2jkai)ﬁ" 2A ak/3

or Use Harmonic evolution equations
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Other schemes (beside BSSN)

e L N DA R R LRSS S b et S e Laianie - DI

80s 90s 2000s
95 99

See Hisa-aki Shinka,
Formulations of the
Einstein equations for
numerical simulations,
arXiv:0805.0068

for a review.
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Shibata-Nakamura | | Baumgarte-Shapiro e
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S
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- |
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s e - g:ggg: NCS A BSSN-code AEI ‘\
Bona- Masso| = | A1cub1erre|
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."\\ 01
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O e e =
o ~Ger> (i
99
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97
86 Iriondo-Leguizamon-Reula 99
Ashtekar 3= | Yoneda-Shinkai
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Situation NOW: from 0805.0068

2001

so-called BSSN

62

87,95,99

ADM

BSSN

PennState

/
hyperbolic formulation , I

92

Bona-Masso

(4

2005

!

/
/
/

24| Nagy-Ortiz

1] Kidder-Scheel

-Teukolsky

5| -Reula

o Z4-QBona et.al

921 harmonic

99

lambda system

ol

L e e Rt Aanianie . PSR S PR NeR et FE

UTB-Rochester
NASA-Goddard

PennState

BSSN is “well-posed” ?
(Sarbach / Gundlach ...)

g

-)

N\ [Z4-1ambda

05

| g
-

asymptotically constrained /
constraint damping

01

87

Detweiler

/

7“———_____L_ (Gundlach-Calabrese)

s

'I- Kiuchi-Shinkai
02 "’. .—’” >

adjusted-system

\02 adjusted ADM

>
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The problem of foliations.....

- . e = - PR T Dt & - A sng Yo S oW = - - '
e = e i i Lananie s PGPS S i

Schwarzschild in Novikov
Coordinates

.. B Geodesic slicing (o =1, 5" = 0)
(8" =0)

X excision/puncture evolution

1+log Oy = —2a(K — Kpy)
| 3 e .
Gamma-driver 5’752 D= Zoﬁtfz — 200"
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Code Used

PRBTELTRE A B L, 72 ST oot DA 485ty O BT I I S e SN ot e 6 12 VR 20,00 1 i i DLl LIS

®m CACTUS/BSSN: (www.cactuscode. org)
Mainly developed at AEI (Golm, Germany) and LSU (USA)

W WHISKY: (http://www.aei-potsdam.mpg.de/~hawke/Whisky.html)

Whisky is a code to evolve the equations of hydrodynamics on curved
space. It is being written by and for members of the EU Network on
Sources of Gravitational Radiation and is based on the Cactus
Computational Toolkit.

[ Gauge choice for the lapse and shift variables:

1+log Oy = —2a(K — Kp)

3
Gamma-driver 073" = _aatr’b — 28,3
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http://www.cactuscode.org
http://www.cactuscode.org
http://www.aei-potsdam.mpg.de/~hawke/Whisky.html
http://www.aei-potsdam.mpg.de/~hawke/Whisky.html

Cactus = Infrastructure + GR

PSSR A BIan 4t GRS ot DA T 88t SO0 ST I R 0 2 SN st e 6 2 BANCR o 10,0 1 i i DTS B RIS

AT = ARG e g o Ol )

8th-j —Vivjoz -+ Rij = K Kij Say 2szK;n

: :
— 37 (Si:,- = §%'js> — 47D\ Vig

A | f (2.2)

Hamiltonian + Momentum constraints
2 3 2 ) -
I e Gnp, =0
: R Emi2 i i
AN a8 — ()
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WI-IISKY = Matter evoluflon

WMMWMO 0 A Ty < IV ST X Ve Dlaguat® B s 0+ P ER v 2200 A

er’re hydrodynamic equa’rlon in a flux r
COﬂserVinve form [*] J. A. Font, Living Rev. Relativity 6, 4 (2003). ?‘_g i

Use HRSC methods to solve the equations —

e Y 8:q + 0;f D (q) = s(q)
td 0 q) = s{q
Vulput) =0.
= (D, S, 1)
il —phuu' | pg-” B 0l = oWps;
Sle= hW "
g oL e
0 TEﬁ(phW —p)—D
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Stable evolutions of stable star!

WWW,“{“&-um‘ca&cg...x..,ﬂi-uwv..‘q‘-mw.'.v‘p - N i ol
p'ci:)/ p<(0) i funcfllon of f. for sfatl:le ot 10  p(0y.0)

1.01 ;ll' A UM f\‘ﬁw\)’\o\m ......... _

O.bP . . ' .

0 .50

[1] Dimmelmeier, Stergioulas, Font: astro-ph/0511394
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Computers for Numerical Relativity

mevwmi—'*‘-”"&'a.'.czm-w"'-“lwv-«!n-M"a..,w...,, bl g -1 £ oo DR

m standard workstation nodes:

S
2
e.g., biprocessor Opteron/Intel nodeot gl S
with 4-8 GBytes of RAM 10d=02 MM -
. 9
m Fast interconnection, e.q., ==t nodelé a
Infiniband =28 £
: .: o Front-end
m A front-end workstation
228 U13
= MPI communication Library
@ Huge storage space to save
results of the simulations
See Movie

@ WE NEED A LOT OT MEMORY !

-40 -20 O 20 40
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http://www.fis.unipr.it/numrel/BarMode/MovieUb11carpet.mov
http://www.fis.unipr.it/numrel/BarMode/MovieUb11carpet.mov

NASA Goddard
(2005)

0.04

0.02 —

0.0025

JIBW ermm S VSl st mesd g Ay, e

-400 -300 -200

-100
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Computers for Numerical Relativity

WWMudM ' berw sy

PHYSICAL REVIEW D 73, 104002 (2006)
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Parma International School of Theoretical Physics, September 8 - 13, 2008

Code scaling on MPI clusters

Roberto De Pietri: Introduction to Numerical Relativity
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. Ll L T L} lp rtl d L Ll L} L} L
1 e = rotand | 0.9} .
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= e
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2 06} . ta 0S¢ .
-
= 05} . T o04f .
g 2 s \9
e 04} é - ® 03F -
= @ £ Iy
0.3F \‘.\ - Won2t .
0.2 e - 0.1F .
IBM BCX/5120, con 5120 processori 0.1 " ! ! : : —_—_T"E) 0 ] " ! ! :
Lo scorso novembre, il sistema ha portato il Cineca alla 44a 0 20 40 &0 a0 100 120 140 0 50 100 150 200 250 300
posizione nella prestigiosa lista TOPS00 che raccoglie i n n
server di calcolo pin potenti al mondo. p P
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Numerical relativity at work

Neutron star merger: low-mass merger 'ro NS + disk

WWM"QH’ ”M&c’.& -e h",’.u"o“‘- ma"“‘:'~“ ; w

T[ms] =

0.00

I

T[M] =

Parma International School of Theoretical Physics, September 8 - 13, 2008

0.00

See Movie
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i o Vi |
. . ;'A‘JI 1 ~
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Credits:

R. Kaehler & B. Giacommazzo

& L. Rezzolla

http://arxiv.org/pdf/0804.0594
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http://arxiv.org/pdf/0707.2559
http://arxiv.org/pdf/0707.2559
http://numrel.aei.mpg.de/Visualisations/Archive/BinaryNeutronStars/Relativistic_Meudon/index.html
http://numrel.aei.mpg.de/Visualisations/Archive/BinaryNeutronStars/Relativistic_Meudon/index.html

Numerical relativity at work

Neutron star merger: high-mass merger fo BH + disk

T[ms] = 0.00

I

T[M] = 0.00

Credits: R. Kaehler & B.
Giacommazzo & L.
Rezzolla

http://arxiv.org/pdf/

0804.0594
B .
See Movie

luction to Numerical Relativity
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http://arxiv.org/pdf/0707.2559
http://arxiv.org/pdf/0707.2559
http://arxiv.org/pdf/0707.2559
http://arxiv.org/pdf/0707.2559
http://numrel.aei.mpg.de/Visualisations/Archive/BinaryNeutronStars/Relativistic_Meudon/index.html
http://numrel.aei.mpg.de/Visualisations/Archive/BinaryNeutronStars/Relativistic_Meudon/index.html

Numerical relativity at work

Neutron star merger: high-mass merger to BS + disk

T[ms] = 0.00
[ms] (Ideal Fluid EOS)

T[M] = 0.00 Credits: R. Kaehler & B.
Giacommazzo & L.
Rezzolla

http://arxiv.org/pdf/

0804.0594
Different EOS
See Movie
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http://arxiv.org/pdf/0707.2559
http://arxiv.org/pdf/0707.2559
http://arxiv.org/pdf/0707.2559
http://arxiv.org/pdf/0707.2559
http://numrel.aei.mpg.de/Visualisations/Archive/BinaryNeutronStars/Relativistic_Meudon/index.html
http://numrel.aei.mpg.de/Visualisations/Archive/BinaryNeutronStars/Relativistic_Meudon/index.html

SNR BH-BH @ 100Mpc

¥ 04 Tgeay <= ' IV ST LR X Ve 0w GW strength h_= h n'e

.................................................
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~ 1074 M /M

Two BH of total ADM mass 1hsun

(15, (1]

..............................

....i..;.i.t........

L|K04k : . . ..... : ....... :_
adv.LIGO [ : IR | SUSHOR N IR
Quad Si [,-% @ : : : P :
Dual Mo \ ..................... ............ ........ ..... \ ....... \_
DualSlC . ) S ) 5 5 ) ) 5

10°

f (Hz)
: : | : : PHYSICAL REVIEW D 73, 061501(R) (2006)
o 02 04 06 08 1 12 “Last orbit of binary black holes” M.

E{ms)

Campanelli, C. O. Lousto, and Y. Zlochower
(¥'to be scaled by: 0.5, /M )
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SNR 3M+3M @ 100Mpc

B A Tt GBS Prnara it DAY 8T S O T A T e s S N o st e b e BTNCT 10t o i i TSPl s Vg B

...................................................

(5, (N1

— -VIFIGO
LIKO4k
Ady. LIGO

Dual Mo
Dual SiC
o | | = iy £ IR
10 rn E——— r H H H IS T |

quadsi gl R

10° 10
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Two bodies merging of NS-NS

% ¢ - = . , o= @ g L P - = ; - o » == !
e i A, Tt GRS P DA S 5905 5= O S S G v b SNl it s e AR o\ P e I

Shibata et all., Phys.Rev. D71,084021 (2005)
Shibata-Taniguchi, Phys.Rev. D73, 064027 (2006)

Model Mo (M)
APR1313 1.30, 1.30
APR1214 1.20, 1.40
APR135135 1.35, 1.35
APR1414 1.40, 1.40
APR1515 1.50, 1.50
APR145155 1.45, 1.55
APR1416 1.40, 1.60
APR135165 1.35, 1.65
APR1317 1.30, 1.70
APR125175 1.25, 1.75
APR1218 1.20, 1.80
” 7 SLyl1313 1.30, 1.30
R + R SLyl1414 1.40, 1.40
AR ) \/ 2 <\ /100 Mpc SLy135145  1.35, 1.45
W e . SLy1315 1.30, 1.50
£ 031 km r SLy125155 1.25, 1.55
SLyl1216 1.20, 1.60
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Simulation APRI1515

i A, L Tt G v Dt ua’nu‘s*'-""‘""""‘45&8!“‘-'*‘*"'1&.-4"“4"""'""‘w«:vmm
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' !

T ||_|||||||
.e__1.2l54
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20 -20 -10 0 10 20
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fmerger = 6.5 kHz
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Simulation APR1313

LS T T R it Lananie . PWRG

[ |
[ |
0.9 |- |
sy |
[ [
N—" [
X [ |
o |
—-0.5 |
|
10==¢ = 11
1072t A A E
. Ay 1 :
_G i ]Hl |“| \l !\ \‘\ \/ ’."
1L A
10-2 |- A
- i
10-23 .
1 10
f (kHz)
-
fmerger=3.2 kHz

— >
IIII’IaI N N T T A |

-20 -10 10 -20 -10 10
X (km)

het = IR 2 + IRy f

dE/df \1/2/100 Mpc
1071 erg/Hz) ( r )

= I 10‘21(

Parma International School of Theoretical Physics, September 8 - 13, 2008 Roberto De Pietri: Introduction to Numerical Relativity




Simulation APR1313
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/N for the merger phase

S/N DUALSIC 7.4624

S/N DUALSIC 3.7731

Parma International School of Theoretical Physics, September 8 - 13, 2008

S/N DUALSIC 4.9508
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Blu-line is EOB

SIS ESRE A B L Tt G BT P S BT DAY S8 Tty = I ST IRV e SN s ek A B BAVNCR Y e ar s eroraiia Doy N e el
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See Movie
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http://www.fis.unipr.it/numrel/BarMode/MovieUb11carpet.mov
http://www.fis.unipr.it/numrel/BarMode/MovieUb11carpet.mov
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http://www.fis.unipr.it/numrel/BarMode/MovieUb11carpet.mov
http://www.fis.unipr.it/numrel/BarMode/MovieUb11carpet.mov
http://www.fis.unipr.it/numrel/BarMode/MovieVault/Ub11sim1036.mov
http://www.fis.unipr.it/numrel/BarMode/MovieVault/Ub11sim1036.mov
http://www.fis.unipr.it/numrel/BarMode/MovieVault/Ub13sim1053.mov
http://www.fis.unipr.it/numrel/BarMode/MovieVault/Ub13sim1053.mov

5= 0.2743

Simulation Ubll

(Movies: http://www.fis.unipr.it/numrel/)
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http://www.fis.unipr.it/numrel/
http://www.fis.unipr.it/numrel/

3 = 0.2821

Simulation Ubl3

(Movies: http://www.fis.unipr.it/numrel/)
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http://www.fis.unipr.it/numrel/
http://www.fis.unipr.it/numrel/

First Method
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Un-perturbate dynamics at the threshold
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Second Method
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Instability Diagram in full GR
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Extending parameter space
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Conclusions

BN T T e o Rttt b N Laanie - PR SR e ST

Numerical relativity is ready to simulate real
physics
A lot of work to do:

NS-NS merger with realistic EOS
MAGNETO-HYDRODYNAMICS

INSTABILITIES of isolated stars

Accretion driven collapse (of a NS to a BH)
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