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Increasing strength of gravitational waves —>»

Roen Kelly, after C. Moore, R. Cole, and C. Berry
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 RRAREZEAREFTENBETISENRE
» MRAZEME I EARTH(IHEH) = ERAINL 0 BEFD

y ZERIOERTORBBOETFEFOBHE | a (STREH)
—a—h G CIEREIDOER AL —Fk

» BRI S AICHITS o
SEE © O (STRRGRL) gide : Sopamp 0 ¢ BN
el i nt: EEALH)

» FFEEN: ¢? = an® + B¢

4 &d)gﬁiﬁ 2t+dt EFH%?%
CENTED(ZERWIZ) an®dt : 57 AR

» a,BrEEDRIIZRHDIME
EETREE(RR)
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y FAU AV FRRIEIEBIZOVT2REOMA HEX = y,, ONEE)
Kop~Vap (OFRBRAREIE(IND) LK HELTERS

» BZEQEMFDIT AATIIHRREETE
Gap DNEOTULNS
4 *)J/EH%1¢ Et: Y ab, Kab j&'ﬁ'—-i
a,BrEIEETHAINAELNLE
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Einstein HFeCD 3+15 %

ADM 3 (Arnowitt, Deser & Misner 1962; York 1978)

» WM TELENoNTLSEZRKZFIA D,: covariant derivative
1 Rc(zllla)cd = Rapca + KacKpa — KaaKpe (Gauss’s equation) W.T. 1Y qp
b_ sb a
1 Ré‘?cdnd = Dy K, — DK, (Codazzi’s equation) Lqa= 64 +nny

— a
1 RW dncnd = L, K,p + KKy + agap + Dya, (Ricci’s equation) ap = n"Vany

abc

» Einstein A D 3+1 7% . REH + RRAERX
Gypynn? = 8nT,,n%n? m— R4+ K2 — K;jKY = 16nE (Hamiltonian constraint)

1 Gy n* = 8m L Tyyn® w4 Dj(Kij - yin) = 8mJ' (Momentum constraint)

1 Gab: 8t L Tab — (at — ['ﬁ)Kl] = —DiDja + a(Rl-j — ZKikIg-k + KKU)
+4ma(y;j(S — E) — 25;j) (Kop BEBAER)

E = Tapn®n®, Jp L Tgpn®, Sqp =1 Ty

L : Lie derivative

K =trK, S =trS
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» FEEAND dx' BEW-RZEEZAS

(ds2 = —(adt)? + y;(B'dt + dx") (B dt + dxf))

y GEBREIDSDERLI
pidt + dxt

. BSTORERE ds £FHE

» TI=ZEHFDFER M
EET=S

> Q, ﬁa' Yab jJ\FD
RFZEETE g, Z
| e

HEFED KIS
B (T ITEARIRIL)
RSO RIRE

gildt : X I7r k)L ¢

n“: 5£$7?&9|\)LA

P

an‘dt : 527 AE

t? : BRFfe] 8
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» f5]: Maximal slicing (Smarr & York 1978)
» SRITABERZBKRICEDCLTHEROEDRHERERZTET S

VISl = [y dx, LV[S] =~ [,atrK\yd®x = 0 (FFEI A A Liet5))
trK = 0, LK = 0 (2R3 3% 4K)

. BEZROHImE B
» BEQETTRERYI2AL—VI3Y | /
ZE1T A8 g g

s L EBRAIMLOF AR AN v
24 —HRLTLK
ORTEHELHRET D

ITRRGRIL B DFIAABE

» Maximal slicing &#&I3EM 2
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V7 MRT7 MV B2 OFEDS;

» {51 Minimal distortion &4 (Smarr & York 1978)

» unit normal vector DEREBINZT S Yab = Jap + Nap (induced metric)

o = NV YA
ARTTHRANIVLARIVY D 53 F E 3 Wap = L Vignp (twist tensor)

1
Valp = Wqp + Ogp + gyabg — NaAp Oap =1 V(anb)TF (shear tensor)

distortion functional 0 = V.n° (expansion)
Dlo] = [ 0% a4p\/vd3x a? = nV,n (acceleration)
Z&x/IME

» VIMRTRLICH T HBAEDAREAN /OND
DED.B* + DD B¢ + R By, = Dp(2aK > ™)

» Minimal distortion ERIFDHEZH ORHEB DL IR IMLEHELIEHEFH
SNTULVS

N EEARE A (F e R AT 3
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BHEERRBY I 2L —atPTEXELozh?

TAVAZAFERAKIERR]

» BREIARKRS (TRILEF— EHERFAD XFEAERAEXTIIAL
» FI CENS-WESNBLILGTNEEENEL K (HREH)
VIR IV ARERKDERRDIEHVADER AivE = 4np ZEL
0 &3, CEBEEENBLSHTNIESELEORES

0 (ZRERTD)FEERYYIAVIIILAERZELERY BBIMNIZEHEZSNHIEMN
HEMITIFTRESNATND

0 BESZ2AL—2 3 TIRRAREHIELIELIEENTLES

» WMEFHEXZHETE TH-I ZEITHLL = BWEANEDLENS
BEMICEVTHRSE (BEARARER) T (XRRBIXE oL A - -
EARAREXZMHECRNIE R (1000{ELL EDIFEE) F-HIEIREHN

ADMPZ K [T 53 I HA % (weakly-hyperbolic) |

» Cauchy [EREIXI A~ R E% 7€ (ill-posed) |

PRFHEOENANERLGEWESGBEERIENDELRTTR
y DI EE TTR I R (strongly-hyporbolic) I TH A ENHE



Reformulating

Einstein’s equations

AREARDWEEZ EIFF-LY : Maxwell AEEXEDTFHOT—

—03A; + V*V,A; — V7, A®

=Vi0:¢

AoDT L (BEFBILDER)

RWr—U& DA -G EHDEA HEREHDOFIA
Lorenz gauge .: 9,A* = 0 F = 17, A¥ V.EX = 4mp,
0*0, A" = 0"0,A; = V;0;¢p|+ V;F 0. F = — V7o
‘o Ak —
Coulomb gauge : 7, A* = 0 FOREHEDS VkE"" = 4mp,

0"9,A" = V;0,¢

0.F = -V ,EX —V*V7,. ¢

OF a

Generalized harmonic

gauge formulation
(Garfinkle 2002; Pretorius 2005)

BSSN formulation
(Shibata & Nakamura 1995;
Baumgarte & Shapiro 1998)




BSSN B : HAROT7 L A 7x11/—

» Shibata & Nakamura 19954

y VEal—IiavhEmIESIERLLETHRR
19874 Nakamura

» HEREFHOWNNMEKRT HERIZIEYELS
19904 FEE Nakamura & Shibata
ADMMDERIL : MHE TIEHANHEDENELXZS T

B
=lnt, 35
ke

2
_ 0 Ve +V27/ab +aa(ab7/ab)+'”
REIARERE - MHER HUE HEE
» F, = 0pyqp HTT-ICHMESEET HETHIBZERE
REMORELIAL—a M EE(C !

» 19994 Baumgarte & Shapiro [IZ&2RZE D E R 1L (BSSNFZR)

BERRGHA R R B 5IETYREICRIASh TWV-0 . ERFHRRICESEREDBRZR
[FHFYEA TGN T




» BEAGOEDEHHEZIREHT
» R4 #8 (York PRL 26, 1656 (1971); PRL 28, 1082 (1972))

» the two degrees of freedom of the gravitational field are carried by the conformal
equivalence classe of 3-metric, related each other by the conformal transformation

Yab = ¢47ab
» SNEIHER K~V DEEDEESINS
ML —R BB (L PEAZ S8 L BEE (c.f. maximal slicing) = 9 B9 5

~ 1
Kyp = lI)L}Kab + EYabtr(K)
» FT=IZF = 8,7 #EHELTEA
» FLLWEHICESEEREL

e(P = l/)' Vab' Kab' K = tI'(K), F% = abyab

» HBREFGZFALENEEOR E
» DHEOEZFFHORE-FIH



BSSN equations

(at — ,Bkak)Eij = €_4¢(C(Rij + DiDjC()TF + C((Kf(u — ZKLRR{I]()
~ 2
+Kk(i0j),8k — §Kij6k,8k — 87T6¥(€_4¢Sij)TF

- 1
(0, — %0, )K = —D*Dya + (KUKU + §K2> + 4nta(E + S)

. . . 2 . . _
(0, — B*0, )F* = 2a< LK + 6K ™0 ¢p — 57*) — 26K*0,a — 16ma]*

k [ k [ 2 [ k 1~i' k ~Jjk [

D,: covariant derivative w.r.t y4p, f;'-k: Christoffel symbol w.r.t ¥,
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» 2006 FCEETSVIHR—IL-5&EBETS5voHR—ILDEFRE
TEVIAL—aVIETELGI ST
y BICHES STREM. DIMIMNLERWTEEAEEHELENAL

» 1DDTATT : T7o2v0R—ILDOYIYERYEGE
» BEROHFEEDRNAE|

RRBIZIE DA > TLELEE

EADRKEVNE N EETEEEHNS

B> I CTHERBIMICIEXZEN L

» RELTOYERY IOFE

Bfrg oM li%ﬁ L — RO\ OMTEE
A RIS -BEYEESD B\ (apparent horizon)

BER (T —2) &

» F. Pretorius IC&BITLAIRIL—
20054 B D EXIL

> EHDRKEERS




/\ ~ \‘qe:j///\pparent
= horizon

$

"~ Excision boundary

Excision

boundary §'SHhEG - Spectral Einstein Code
N http://www.black-holes.org/SpEC.html
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{‘/79"’('—52"_:\ . Campanelli et al., PRL (2006); Baker et al. PRL (2006)
ROLHELNSER TSV IR—ILERE—RICEIEICLI-FiE
» Schwartzschild BH BF2ZE wormhole ##1&

v
~

-1
2M 2M
d52 = — <1 - T) dtz + <1 —T> dT2+ T'Zd.QZ

2
—D| ds? = — (%) di? + Y*(d7? + 72d0N?)
M

T'=l/)27~‘, l/)=1+§

» BfE—FEEOMOS— R, x §2 ~ R3/{0} : & a2 41Z(% wormhole
» R THEEEERFIZRYAD
» BIEDEEZE = FEAIZIX S DM BA0Y = natural excision
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\DFr—ik Campanelli et al., PRL (2006); Baker et al. PRL (2006)
RLHELNS-EETSVYIR—ILERE—RIZEEICLI-FiE
» Schwartzschild BH BF2ZE wormhole ##1&

v
~

2M 2M\ 7 2 -\
ds? = — (1 —7> dt? + (1 —7> dr? + r2d0>? H ds? = — (T¢) dt? +*(dr* + 7#2d0n?)

o ~
R,

> = e — e (])

- 2005~2006 & [&E




A milestone simulation by SXS collaboration:
Long-term simulation of BH-BH merger

Scheel et. al., Phys. Rev. D 79, 024003 (2009); Cohen et. al., Class. Quantum Grav. 26 035005 (2009)

Binary Black Hole Evolution:
Caltech/Cornell Computer Simulation

Top: 3D view of Black Holes
and Orbital Trajectory "

Middle: Spacetime curvature:

Colors: Rate of flow of time

Depth: Curvature of space } ”
'
Arrows: Velocity of flow of space “

Bottom: Waveform
(red line shows current time)
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Major scientific achievements:
GW170817 provided us clues to
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Annala et al. arXiv:1711.02644
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Fixation of Coordinates in the Hamiltonian Theory of Gravitation

P. A. M. Dirac*
Institute for Advanced Study, Princeton, New Jersey

(Received December 10, 1958)

The theory of gravitation is usually expressed in terms of an arbitrary system of coordinates. This results
in the appearance of weak equations connecting the Hamiltonian dynamical variables that describe a state
at a certain time, leading to supplementary conditions on the wave function after quantization. It is then
difficult to specify the initial state in any practical problem.
To remove the difficulty one must eliminate the weak equations by fixing the coordinate system. The
general procedure for this elimination is here described. A particular way of fixing the coordinate systemis Lo _______.
then proposed and its effect on the Poisson bracket relations is worked out.
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