











Spindle naked singularity

(Nakamura, Shapiro-Teukolsky)

Critical behavior (Choptuik)

Toroidal black hole (Shapiro-Teukolsky)
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G, n'n" =8x

G,y =87

3+1

,n'n" - Hamiltonian constraint

N7 - Momentum constraint

{ GﬂVViﬂVE/ =87

. 7i{'y] :Evolution equation

y; - 3-metric, n“:timelike normal

7//11/ = g,uv +n,unv
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Horizon finder
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1. Einstein’s evolution eguations solver

2. GR Hydrodynamic equations solver

3. Appropriate gauge conditions (coordinate conditions)
4. Redlistic initial conditions

5. Gravitational wave extraction techniques < 9.

6. Apparent horizon (hopefully Event horizon) finder
7. Specia techniques for handling BHs/ Excision

8. Micro physics (EOS, neutrino processes, B-field ...)
9. Powerful supercomputers






-1

Standard 3+1(ADM) : Evolve (7;,K; )
(3metric & extrinsic curvature)
12 hyperbolic eguations

1962 1979

constraint

Constraint violation instability




Linearized Einstein egs. with =1 & £' =0
Evolution eq.: h, =Ah, —h,, —h, ; + .

Constraint @ Ah, — 1k,ki =0

Decomposition:
TT
= Aoy +C; + 28 ;) +hy
A, C: scaar, B :vector, hi' :tensor

TT TT
B.,i:O’ hj,j:hi =
= h, =3A+AC, h ,=A +A(C, +B)



Constraints: AA=0, 0,(—2A, +AB )=0
—A=0 & B =0 (if B =0 initialy) = C=0

Evolution egs. : hj h B, =0,
A=AA, C=A
Equations for h;': Wave egs., but others are not.

If A=0 initidly, A=YY,, fin(r =) + G(r +1)

Constraint violation l,m r

~c=YY, f(r—t)Jrrg(r+t)

C — Constraint violation instability

+Ct+C,



« New formulations for Einstein’s evolution egs:
() BSSN formalism

Nakamura (87), Shibata-Nakamura (95), Baumgarte-Shapiro (99).....

Choose variables:

1 The Important step
¢EEIn(det(7/)) Rewrite ADM equations using
- _ constraint equations
71 =€y -{d 1eq }

a(7.)=
K =K (73)

1 Unconstrained
Y _
AJ. = (Kij _éyinj free evolution

o~ Stable numerical simulation
R =0707 (So far no problem in the
17 components absence of black holes)




5 ~ 112 ~ ~ 1 B

Vi =Y 47/ij’ l//Ee¢Edet(7ij) ’ Aj =y 4(Kij _§7inj’ F =7i.i
( PR = o 2.

(0, _,Ba|)7/ij ==2aA+7,0 ;+t7. b, _gyijﬂ,l

@, —ﬂ'@|)¢=%(—al<+ﬂ',l)

~ _ 1 _ 1
(0, _,B|8|)Aj =at 4¢(R] _§7ij Rj_e 4¢(DiDja_§7/ijAaj

+0[(KAJ- —ZAlA;)-l- A|ajﬂl +Aj|aiﬂl _gﬁl,lAj

— 1% 1 1%
—8rae 4¢Tyv {7#7] _g?/y 7/”}

(0, _:Bla|)K :a('aﬁ'&ij +%K2J_Aa+47m-ryv(n”nv +7/ﬂv)

| (6,-'0))F =--- (Equivalent to Momentum consir.)



« New formulations for Einstein’s evolution eqgs:
(i) Hyperbolic formulations

Bona-Masso (92) ......... many references ........
Kidder-Scheel-Teukolsky (KST) (01)

09" +0,Q" =F(g,Q,..)

No derivatives

Teukolsky
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() Wilson (

Opy, _ 0(puv’ + Py,

)
p» pr ):[\/iscous term|. +....
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Valencia . Munchen



TW =(p+pg+ P)u“uv + Pgw

Vﬂ(pu”)zO =

nv 1" =0 =

128 ﬂTV” =0 =

o)) N 8(p*yi) _0

ot OX'
8(.8) ) 8[,0*@\/ + P\/;(vi +f )]
ot OX

= oy PK +hLl;tK”Uin - p.7'GD;a

o(pu) . o(pUv' +Parfys) )
ot ox’
o\la\y j K
—P ( _ )_10* autha—Q—Uj 8,8 ukult 87
OX' OX' ox  2hu ox
u_t, u =hu, h=1+g+E, e =hau' — Pt
u Jo, pau
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1. Maximal slice :

K:O:K:Aa:aS[j/”,K T, ]

Ij’

2. Hyperbolic slice, dynamical lapse

a=—aK or a-pfa =-

(¢ Harmonic dlice, d—ﬂia,i :_azK)




Spatial gauge

Frame dragging m==)



1. Minimal distortion gauge (Smarr-York, 1978) :
Minimize global distortion defined as

| =[dV(0.7,)(@7:)7" 7" 72
ol
oS

=0= [Sk(Vl/Zat?ik):O

+7,D, Iny”z(D g +0 g~ B, " j=

Alternative choice: | = j AV (0,707 )77

0l 15
Vi =0 = Dk(@tj/”) 0= 7/JkA,3 +3D D" +RJkIB
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t=4.7

Minimal distortion gauge

S
TR
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Metric (yxx)

T~3P/4
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MD gauge <=2



New trend

Dynamical gauge condition

MD gauge: AB" +%Dij,Bj = S

Schematic form:

B zA,B'+%D'Dj,Bj—S'

MD




Evolution of compact, rapidly rotating &
oscillating NS In a dynamical gauge

1.2
1.1
Central _ |
density
0.9
0%8
0.66
Lapse 0.64
function £ 062
at r=0 0.6

0.58
0.56
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|
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Stable evolution for > 30 oscillation (~ rotation) periods.



Collapse of a rotating NS to BH

Log(conformal 6 : | 1 I'=5/3
factor atr=0) 4 [ 7 _
- B i SO“d
2 - Dyn. Gauge

Py 12 - | -

S HE Dot:
Weighted - 8 Elliptic Gauge
Density ¢ 3

4
at r=0 > 1 1
T
n g L —1 3 ALMOST
Ehedd 3 COINCIDE
Area of © 'k -
AH 07 = E
« 06 F =
0'5 — | | | | | | | | | -

140 160 180 200
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-~ York

v =w'7; : 7; =conformal metric (given)

_2 = =
Kij =y (Di\Nj + DiVVj -

K" K:given. D'K;"

j !

m—

2
57/”'

% [3ka)+ Ko™+

jrL, TT
:O:7JKIJ

1

37/in






5/2
1:c:oalesce ~ 11(Lj M
Foroi 6M Ap

M :Total mass
. Reduced mass
r : Orbital separation




-~ helical Killing vector



oY oY
L.g =0, &“=|=| +Q|—=—| ‘HKV
S ° (fﬁ) (acﬂj

Einstein egs. = mgW=S[gW,TW}

T

RHS=Not compact=0(r*-2)

M & J would not be well-defined ??7?




Conformal flathess
ds? =—(a” - BB, ) dt’ + 28,dx"dt +y 5, dx dx

’

Alay)=-- - K=0
| Ay =-- . Hamiltonian constr. 5 elliptic PDEs
KA,6’k+\7138kaj,8" =---: Momentum constr. + 9,7, =0

~ _ 1 2
K =0, AjEW4(Kij_§7/|jKj 5]kaIB +5|k818 __5ak,8



Waveless approximation

Vi # 05, but 07, =0 T Oy ~ Q¥
. L 2 ~5 12

= A :7/jkviﬂk+7ikvjﬂk_§7ijvkﬂk /i
. < 0,7

LA =0; &=HKV

.
A(&W):...
AW — ... RHS=
1 | Compact sources
A,Bk +:—3Vkvjﬂj — [O(r/\_n)]’ n=3 or 4
y Similar to Isenberg (1980)

dM = QdJ



- > P = Quasi-equilibrium state
s > oy = Vorticity conserves

P ~2msec < Typical spin of neutron stars

U
Velocity field of neutron stars =~ lrrotational

Conformal flathess
Meudon




BH

Conformal flathess

Meudon

BH

Meudon




- . Apparent horizon finder
r(9,9)
At (60,0)=S|1.0,0.9,,.K, |

o= ¢l+m




Total mass M

GM e
A <A ~ 58
GW ISCO ( C2 j(?GM]

ij L >>r

C2

1 e 3/2 2 3/2 e 3/2
= —2>290 & N >580 =1000
AX /GM /GM 10GM

Minimum grid number required (in uniform grid):
~ 600 * 600 * 300 (equatorial symmetry is assumed)
= Memory required ~ 200 GBytes (~200 variables)

Require L>A4;, & AX< 0.2(




FUJITSU FACOM VPP5000 at NAOJ
Vector-Parallel Machine (60 vector PES)

Maximum memory -> O.96TBytes-\
Maximum speed - 0.58TFlops-— Typical current

: : memory & speed
Our typical run with 32PEs

633 * 633 * 317/ grid points = 240 Gbytes memory
(In my code)
About 20,000 time steps~ 100 CPU hours/model

~ 10TBytes, ~ 40TFlops



L

/A=0.79 vs 0.63 vs 0.36

1 Boundary

;_I__I)’_’__I‘,,-r--—-l—-—-l\_\l\ | [ [ [ | [ I/_I | [ .
05 77300 777N =
- /.7 N // \
+ e 2 N \
= O E\ /// \\\\\\\ Y \\\:
~05 B\ 7/ g
- F \/ \_,/ -
_1 1 | | | | | | | | | | \\l\ | | | | [ ]

0 0.2 0.4 0.6\ 0.8
1 ] [ [ | [ [ [ | [ [ [ | [ [ [ | __L\_
= — -
0.5 VAR O
< 0pR / N foin =

0.4 0.6
<t_zobs> / 1:)tzO

M/R=0.16 case
(R ~13km for M=1.4)
Green

Blue

Dotted Curves

Red 2.5PN amp.



1. Einstein’s evolution eguations solver OK

2. GR Hydrodynamic equations solver OK
3. Appropriate gauge conditions OK
4. Redlistic initial conditions ~OK
5. Gravitational wave extraction ~OK
6. Apparent horizon finder OK

7. Special techniques for handling BHs/ Excision !
8. Micro physics (EOS, neutrino processes, B-field ...)
9. Powerful supercomputers ~QK

Little effort









Excision

/ Apparent horizon

- Multi domain spectral method + hyperbolic formula

oF




BH

BH

Excision

AH

Excision



AH

Excision

L A —
0.8 - | -
s Crash In the .
i absence of i
0.6 — S| . —
- excision Crash In the-
i presence of _
0.4 = excision |
02 -
@ i | | ‘ | | ‘ \ \ ]
200 300 400 000



Font
Teukolsky wave
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Woom  Time
EOS. P=(I"-1)pe with T"=2.
M = 1.4M(solar) R=14km
(N+1, N+1) grid; N =90, 120, 180
NS iIs covered by 33, 44, 65 poaints.

~ 30
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| N=240 (80)
180 (60)
120 (40)

90 (30)

2
7~ 3~% ~ 10 oscillations
:
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O‘V‘IIIIIIIIIIIIIIIIIIIII]:

=0.0006 F 377 T o
0 10 20 30 40 50
tVDe Time

c,init

M =91% of maximum mass




c,init

0.3

e Spherical —
o Rotational -

Lo

0.3
Density (r=0)




Mass of Apparent horizon in units of ADM mass

O | | | I| | | | I:I | | | | |
9.0 10 10.5

tVp, e TIME
NS is initially covered by N/2 points

©



a=0.56
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BSSN Penn, Potsdam

(Cornel-Caltech)

1->Puncture, Meudon, PN-Puncture
- Excision

2-> -

—

- constraint



4-2. BBH
GR

- 99 Miller 02 lllinois
03

Shibata et al.
00, Fontetal. 02, Shibata 03

(Shibata et al. 00)

Shibata 99, Shibata-
Sekiguchi 03, Font et al. 02

Shibata-
Shapiro 02

Seibel et al. 03,
Shibata-Sekiguchi 04

Sekiguchi-Shibata 04



~ Inspiral
f~10->~500 Hz
r~700->~40 km
Post—Newtonian
+ point particle
2R=20—30km ~ r>>R, Tgw>>P

[ Intermediate

f ~ several 100 Hz

< r~ 3R~ 30—45 km
Quasi-equilibrium

_ Tgw>>P

Post-Newtonian r

A

/Merger
f>1kHz
r<30 km
‘ KNumerical Relativity




Our latest implementation

1. GR : BSSN (modified)

(latest version = Shibata et al. PRD68, 084020, 2003)
2. Gauge : Maximal dlicing (K =0) + Dynamical gauge
3. Hydro : High-resolution shock-capturing scheme

(Roe-type method with 39-order PPM interpolation)
4. Initial condition = Conformal flatness approximation
5. Typical grid size: 633 * 633 * 317

(~ 240 GByte memory, ~ 100 CPU hour)
Using FACOM-VPP5000 @NAQOJ
(Max size so far 761* 761*381)
6. EOS: P=(I"-1)pe



Latest results for merger of 2NS

EOS: Initial; P=Kp ', I' =2; K= 1.535e5 cgs
During the evolution: P=(I"-1)pe

M=140M solar > R=14.8km
1.60 M solar - R=13.3km
(Maximum mass for the spherical case=1.68 M_solar)

| here show animations for merger of 2NS
(a) 1.40-1.40 M_solar,
(b) 1.33 - 1.46 M_solar,
(c) 1.52 -1.52 M_solar,
(d) 1.40 - 1.60 M_solar
(See, Shibata et al. PRD 68, 084020, 2003)

Typical grid size: 633 * 633 * 317
(max we have taken, 761 * 761 * 381)



Evolution of maximum density in NS

formation
C T T L O B e S Unequal Mass
QE = 1 - Equal mass
0.1 F DN v N 1.4—1.4
| | | | | | | | | | | | | | | | | I—/‘_
— [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ . .
. 03 F Oscillating
£ 0.25 F hypermassive
0.2 ===~ neutron stars
- | | | | | | | | | | | | | | | | | |
O? = [ [ [ | [ [ [ | [ [ lE are formed
0.65 E= =
£ 06 F e
< 0.55 £ =
0.9 F E
046 — | | | | | | | | | | | | | | | | | I—Not Crash.
0 ! < 3 We artificially
t/ P stopped simulation.



1.4—-1.4M solar case: final snapshot
Massive toroidal neutron star 1s formed

(dightly dliptical)

m

t=3.67P,_,, p...=0.0716

X =Y contour plot

I | [ I_ITI T T T T | [
- ' Toroidal shape ' -
10 |- e
I e s e
- o N
S e
o B - _
= - Z
~ o (((©QD))) )
N - — i
o - ~ T
— /_
:\\\f TN T T ]
—10 = ]
; [ | I | I | I | I | [ |:
—-10 -5 0 9) 10

x/M

X / M,
X —Z contour plot



Formed Massive toroidal NS is
differentially and rapidly rotating

0.25
Angular
velocity ¢ o

0.15
-]
=
C
0.1

0.05

B ISollid ciJrvle :I X—axlisI |
R Dashed . Y-axis i
B Kepler angular velocity
L at stellar surface
B | | | | | | | | | | | |
2 4 6 8
X / M, Y / M,




Comparison between equal and unequal mass

mergers
1.33—1.46: 1.4—1.4:

Massive NS + disk Massive NS

Y/M Y/M

-8 —4 0 4 8 -8 -4 0 4 8
X/M X/M

Unequal-mass case Equal-mass case
Mass ratio ~ 0.901



Black hole formation case: 1.52—1.52

Equal-mass case

Y/M

Mass for r > 3M
~0.2%

Apparent
horizon

X/ M



Disk mass for unequal-mass merger

1.45—1.55, Mass ratio 0.925 1.4—1.6, Mass ratio 0.855

Y/ v /M

-5 0 ' -5 0 5
XM /M

Mass for r > 3M Mass for r > 3M
~ 2% ~ 4%




Evolution of apparent horizon mass

1

My / M,
©
o)

<
N

T T I T T | T T | T T | T T

M159183 |

|

M1418/

::I|I I’I|I

1.2 1.25
t / P

a/M ~
0.8-0.9



Products of mergers with I'=2

1. Equal - mass cases
Low mass cases
Hypermassive neutron stars
of nonaxisymmetric & quasiradial oscillations.
High mass cases
Direct formation of Black holes
with very small disk mass

2. Unequal - mass cases (mass ratio ~ 0.9)

Disks of mass several percents of total mass
- BH(NS) + Disk



Gravitational waves for NS formation

|I=m=2 2
mode o
=
.
. O
o:% —1
|I=2,m=0 —<
mode o 0
=
~ —-0.1
-
mcv —0.2
—0.3

1.4M_ —1.4M _,R=15km

f~2.2kHz

Nonaxisymmetric
oscillation of NS

Quasi-radial
oscillation of NS

f~0.7kHz

2
(t—r

=

6
msec

8

obs>

Stationary
' guadrupole



Gravitational waves from unequal-mass
merger to NS formation

2 [ [ [ [ [ [ [ [ [ I I I I I
mode = 1 f~23kHz  —
0 b
RO Nonaxisymmetric
- oscillation of NS -
_2 | | | | | | | | | | | | | | | | | ]
= [ [ | [ [ [ | [ [ [ | [ [ [ | [ [
I:2,m:O . 0 :_ _:
mode = A AT A e AT N
~ —0.1 [t —
= Quasi-radial .
& —0.2 oscillation of NS —
- _ f ~ 0.7kHz .
_08 IR R T R T R R R N B B R R B i
9 2 4 §) 8

1.46M_ —1.33M_

msec

I

Stationary
guadrupole



Fourier spectrum in NS formation
~1.5kHz ~2.2kHz (equal mass)

/
INT T 1 | [ I\I‘| T I/%/ I4I [ | |—_~2.3kHZ
(unequal mass

Inspiral
wave 1

Frequency
also depends
on EOS.

/\/\I

/ 0.01

~(dE/df)M1/2}

\ -
\ 7
1\ AN
1 |\ %
L g
\ R |||/| L :| \AX\| | |M\}1

fGW / fQE




Computation of mass and angular momentum
Check of the conservation

GW Computational GW

AVAVAVA domain \VAVAVA
M’ J Ecw

| M=MO
Whole region ;_;q

MO Ecw M & JO Jow J
should be satisfied




Radiation reaction : OK within ~ 1%

NS formation: equal mass BH formation: unequal mass

1.01 e L s B B B B 1.01 e L R B B ]
= 4= 1F =
“\ - wo TN e\ e 7 “\ .
= 0.99 = P 1= 0.99 *;
50 0.98 = MO AE 7 Mass energy — 5" 0.98 & Mass energy |
= 0.97 — M’ - = 0.97 — =

0 96 N N ST NN N N SN N N NN S B RN 0. 98 oo b A

' I A I N S Y I B B T ’ I e N L

o1 Angular mom- _ 1 =yl Angular mom. -
— | — —
>~ I i
~ 0 A :
~0.95 — 7 0.95 -
}_DO B | o |
S - 4 -
— - ) 4 - =

0.9 J 0.9 —

Cooo oo b ey T [ R N A RN SR S R L]
0 1 2 3 0 0.5 1 ﬁ
t / Pt:O t / Pt:O BH

formation

Solid curves : computed from data sets in finite domain.
Dotted curves: computed from fluxes of gravitational waves
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Energy curve of circular orbits

—0.148

~0.15

= _0.152
™~
]

~0.154

—0.156

~0.158

Distant

1.4-1.4M,, R=14.8km

............... Quasiequilibrium -

. 2PN point particle:

1 Tidal effect
" becomes
| Point-particle 1 Important
- Approximation el 1 ~3.3—34R
| Works well s i 1
- 3.9R 1 Initial cond.
- “l. 4 should be
l | | ~*] given here.
0.06 0.08 0.1

orbits

Ve = (M2 ~M/R



Issues for computational resources

Match to PN/Point particle waveforms

- Tidal effect is important for r < 3.5R ~ 9—12M
- Emission time scale should be >~5P for quasiequilibrium

] )
tcoalesce z 44( r jS/Z( R )5/2 M 5/2 M
P i 35R) \124km) | 2.8M, 4p
5/2 5/2
910" (3 5Rj (12.4km) M (4_uj>
v, r R 28M, ) \ M

3/2 12
f ~680HzZ (3 SRJ (12.4km] M )
r R 2.8M

= A ~440km, AXx<0.5km,L>A= N = 2L>17OO| = ~5TBytes

AX

V

Very large computational domain is necessary
- Hyper-Computers or Adaptive (or fixed) mesh refinement



Gravitational waves In BH formation

from r ~ 3.4M
1.52M _ —1.52M _, R=14km

2 _| L L L I B B B L B B B |_700*700*350
|I=m=2 ] 1
mode - .
1 — |
= | ]
O J S e s s e 8 CRASH
Dﬁg . :Y )
L BH QNM
- 1RINgIng
- -f ~ 6—7kHz
2 _| ool b b b |_
0 1 2 3 4 ®
(t—r,,.) msec
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GR code

Memory = ZGByt&s(

N

= 1OOGBytes(

)

250

Nvar
250

|

N 2
1000)

N
5000

T

~100

GB




p—
— NoO negative 1, R, 6




Axisymmetry = L.y; =0: £ :L’?i]
@

KVRR: f+ 1:1R2 \
Y oo :Rz(fs_ 1[1R2)
— /R = Rt - f; = f(X,y,2) : Regular func.
Vre = Riy
7/¢Z:Rf5
V2= Te J

1 /4
eg., E(ym_gj should be regular



Cartoon

______________________________________________________________________________________

Solve equations only at y=0

3 points

y=+,-Ay
Total grid number=N 3 N for (x,Y, 2)



5.1

« Parametric EOS (Following Mueller, Dimmelmeier, ...)

P = PPolytrope T PThermal
Prierma = (FThermal — 1) PEThermal
Klp ' ,0 < /O Nuc

P, < N
L 2/0 p—pNuc,

olytrope =

ETherma — ¢ — € Polytrope

r, ~g r,>2 Ty =15

['=4/3 & p ~1.€10 g/cc



Collapse from a rigidly rotating
Initial condition with central density ~
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Animation
IS started here.

Qualitatively the same as Type | of Dimmelmeer et a (02).
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[ =4/3
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P= I:)Polytrope + I:)Thermal
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Polytrope ~— 'y
sz IO > /ONuc

ETherma — € — € Polytrope

['=13 1,=225-25 I, ~13
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nuc -

M. x(Jd=0)=16M_, (for cold EOQS)



(Ty Ty Tir Pre) =(1.3, 25, 1.3, 2x10%g/cc)

= (1.32, 2.25, 1.32, 2x10*g/cc)

= (1.3, 2.22, 1.3, 1x10*g/cc)
For any model, M (J =0)=1.6M
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5.3
g=J/M”"2

1981 Stark & Piran (1985), Shapiro-
Teukolsky (1994 (2000)
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Specific angular momentum
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q(j=0)2>q,, ~1 & q(total)>1

— No Black hole

q(j=0)<q, ~1 & g(total)>1
AP

— Black hole formation for F ~1

( : 2004
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« 1. Make a code which runs anyhow stably
(do not care accuracy)

e 2. Improve the code which can provide a
gualitatively correct result; care accuracy
somewhat (say we admit an error of ~10%)

3. Improve the code gradually getting
gualitatively new results which can be
obtained only by an improved code

% 4. Goal: Make a code which provides a
guantitatively accurate result.

We are here.

Similar to construction of detectors in some sense



Animations

http://esa.c.u-tokyo.ac.jp/~shibata/anim.html



Highly GR Spherical Stars
M =85, 95, 99% of Maximum mass.
[ o M =99% of Max mass

2115 . ~ 5 oscillations
3 11@;% N | ...K/M 95%
o7 ELTTTTTTTTTTTTTTTTS More than 20 oscillation
2 0.6 S = periods
0.5 Ez-mmmmmmm e
O 41_ I I | I | I | I | | \i‘l\\
D:: O ].6 g| [T | T 1 | T 1 | T T | I I/Jlg Error accumulmm’
2 O 3 e resulting in collapse
g 0.05 3 4’—"”1:::_11:.,’. ......... | | = to a BH
O - S | [ I I L 1 1~
0 20 40 60 8o 100 (need large mesh)
JL\\/pc,init Tlme
N =180

Averaged violation

of Hamiltonian constraint (~ 60 to cover NS)



Conservation of specific angular momentum
In a test simulation
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Stellar core collapse from p (r=0) = 6.e12.
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2D hydro equations

X

PV
X )

Oup. +0,( V") =-

0, (p.0,) + 8A(,0*l]yVA) =—

0.8V + Pe* (vX + ,BX)
X

0,(p.0g) + 05 p.lgV" + Par€™ 54 ) =

0,(p8)+0,( pav* + PE (VA 4 p*)) = +F| g, |

where

p. = pae®, v‘:u—t, G =hu, éth—i, w=al', h:l_|_g_|_E
u

[ i PW D



S
e GW Luminosity d—Ezlo‘6 (C—)

dt G
2
e Potential energy W ~ GM :O.ll\/lcz(SGl\z/lj
R Rc
e Kinetic energy T ~ (0.1-0.2W ~ 10'2I\/|02(5s|\2/|j
C

M : Mass, R: Typical radius of massive NS

— GW emission timescdle ~| —— ~107 " (SGl\Z/IjSec
dE/ dt 3M_ )\ R
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