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1=0,1,2,3 < o = (¥, 2!, 2%, 2%) = (t,2,y, 2)
G = (Goo, Gor. Goz,-..)

Go1 = G1o, Go2 = Gao, -+

# of eq’s?, # of unknowns?”
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G % (._(] 0 ) — T T,u,. v

g=ds’ = gudz! @ dz”
= goodmo 2 dx’ + gmdmo @ dx!' + glodazl @ dx’ + -

2901dw0®dm1

= g dt @ dt + gmdt R dx + gprdx & d13+ e

291517(2;@{1&3
g(Ot,0t) = g (dt - O¢) @ (dt - O) + gt (dt - Or) @ (dx - O¢) + - - -
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g(at, 8:1:) = ,_(]tt<dt ' 8t> & <dt : 8:13> + ._(]tg;<dt : 8t> & <dm : 8az> + .-



G % (._(] 0 ) — T T,u,. v

g=ds’ = gudz! @ dz”
= goodmo 2 dx’ + gmdmo @ dx!' + glodazl @ dx’ + -

2901dw0®dm1

= g dt @ dt + gmdt R dx + gprdx & d13+ e

291517(2;@{1&3
g(Ot,0t) = g (dt - O¢) @ (dt - O) + gt (dt - Or) @ (dx - O¢) + - - -

14 K| ACH2 gl

1> 0
B

g(at, 8:1:) = ,_(]tt<dt ' 8t> & <dt : 8:13> + ._(]tg;<dt : 8t> & <dm : 8az> + .-



OrRlrErRl B84 AZHAL

Diffeomorphism symmetry

&
G;Lu(gw/) — A T,ul/

~

g = gndt @dt + gi,dt @ da + - - -

— gipdt @ dt + g dt © dr + - ( goo 9Go1 Go2 Go3s \
g0 G911 G122 4Gi13
oxP O0x°

o't Hx'v S Lo (Z) g20 G211 @G22 Gg23
\930 g31 4932 933

‘T‘IU’( ) T‘/,u/(' l)

We can fix 2. — Gauge fixing
S S

1 ‘
v o v v 3
Vg =0 = = u(V=99"") +T¢s6™" =0

T ~—— e
Lumigrids Projects a Laser Grid In Front Of Your Bicycle To See =0 o =0

Terrain Changes at Night (odditymall.com) 3
v of ‘ WY — ¢ w
ra;’ig "=0< ();t( V _ggl ) = dllgl =0

1 . ,
(& O(2”) = \/—__gé),,l(\/—gg“'”é),,(rf’)) = 0, harmonic gauge)
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https://odditymall.com/lumigrids-grid-bicycle-light-projector
https://odditymall.com/lumigrids-grid-bicycle-light-projector
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€
G % (._(] [ 1/) — A T,u,. v

g=ds°=dt@dt +de o dx+dy ® dy+dz @ dz
= dt* + dz® + dy:) + d2?

‘ 2GM : 1 : 5 o ¢ 5 . ‘
g = ds® = — <1 — >dt2 - P Tl dr? + r*d6? + r? sin? 0d ¢
,7-. - b

r

g = ds® = dr* + r°d#? + r? sin? 6d¢*

= dz’ + dy2 + dz?
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G,u.l/ (,_(],u..l/) —

We can fix x¥. — Gauge fixing
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G (guw)

1 ST
R,u..l/ (..(];1..1/) — ag#,,,R(gW) -

Riemann tensor :

2 __ < ’ - 0 P A 0 A
RIO’/U/ = (),Ltrga - Ol/ril(f + F,LLAFI/O' - rf/)\ru(r
_ o P A
- 28[%‘1—‘1/]0— + QI‘[/[‘)\‘FII]O'

Ricci tensor :

Weyl tensor (Not Ricci in Riemann) :
Ry, = R’,,, =20, +200 I

npv [pI A am

4
Cp(r,u// = Rpa';u/ - mg[[)[;zRu]U] + mgp[;zgu]aR

Ricci scalar :

_ W oA /L pv /L A v
R= Rt ’l“/ = 26[/11“:/],)9/)/ + QF/[/1|>\|FI/]pgpI

14 K| ACH2 gl
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E|-O|_| tc':”é_:l&l Zg_ |-_-_| X|'A'”_5|, Pseudo-

Riemannian geometry

8l
G,u.l/ (,_(],u.l/) — C—4T’[U/

-~

1 7l

C

R,u.l/ (g,u.l/) — 59;1.1/3(.(]#1/) — —4T,u.l/ ) 2

20234 28 1 = ¢

For a sphere of radius r in the flat space,
we obtained,

ds® = dr? + r2d6? + r? sin? 6d >

~~ 2 e - . ¢ - 2
R = ﬁ Kop = r, f\@(:) =7r 5111‘2 97 K = —
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ClerErQl AL & O XHM[3] i

L_- O (]
lI/
terms of ‘
7

G'u,l/ (._(],Ul-l/) (.—4

1 87CG
R,u,.l/ (g,u..l/) _ gg,u..l/R(g,u,l/) — TT;U/

C

1y

Riemann tensor :

— A 0 T
R )rr/w () FI/O’ Ol/r;:(r + FZ/\FI/U - rf/)\ru(r

=20, I, _+2rf 1T

[t v)o (A V]e Weyl tensor (Not Ricci in Riemann) :
Ricci tensor : _ 4 2
: N Cpo;u/ = R/)Cr,uu - (n — 2) f][p[,uRV]o] + ('Tl — 1)(71 — 2) f/p[,uf]l/]aR
o P o - P P

Rl“’ =R ppv 20[/)FI/]H + 2F[ |>\|F”]

Levi-Civita(affine) connection (Christoffel symbol) :

Ricci scalar : 1
re, = —QPU(O;LQI/U + 81/90’;1_00'9/11/)

R=R",, =20,T" g + 2T}, I),0" =g
2023 £X|ACH2 9 Z2T HS8Hm - OFQI#AE}Ol
202319 282 1Y Q¢ Al Hf;ﬁﬂfgaigﬁ FelfrEL
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O} Q14+ EFOI
terms of

R,u.l/ (QW) o

HEAX Al

& O ArA9]

IrG

Glu.l/ (g,u.z/) — (.4
1 ST
59#1/3(9#1/) — ('—4

T,u.l/

T,u.l/

-~

N

9uv

EinsteinCD[-u, -v] // ToRicci // RiemannToChristoffel // NoScalar // ChristoffelToGradMetric[#, g] & // Expand //

ToCanonical

2 | = “ 1 - 1 3 1 R 1 a < _

2 g8*° 8 6.8, 0585 - B8*® 050.8,, + E B8%° 950.8,, + - 8*° 650.8,, 5 B*° BYY 048,50,8,, +

1 8 5 1 8 5 o515 : 5 1 8 5 . " 1 8 5 P

5 B 87° 0.8, 0585, + - B 81° 817 8, 0,8,50:85157+ 5 8°° BY° 0,8,,058,5- 5 8% E° B, 05088, +
2 8 2 2

1 a == 1 2 == cq o 3 n anll cq o g 5

5 g% g1° B  0s04B.+ = g%° g1° g°1°2 g 0:8ps,0n8,, - g*° g 8°1°2 g, 0218, 02284 +

1 gQE g;: g:l.:z g ‘.i_g 3= g E gD.G gJ: g.:l.:z g o g O g a } gﬁe g‘r: & g = g

2 uy 8 aQy ‘520551 2 uy “19qp 320551 4 ‘8 ;3"“ va

1 e < i - - | - - 1 o - : | -

== s "o 5. = = s 9o 5 3 e Qe v 5 = o xS v 5 = N NS = =
2 8™ B'" 0:85,0.8,, + a 8™ B8'" 0.8,,0.Bg;5 ¢ a " B'" 0:8,;0.8,, 2 " B'Y 0:8;, 0.8, 2 g* 0,0.8,

20234 28 1 = ¢
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ol HFMAl = O O XFM|3] in

DI+l )
terms of HY

EinsteinCD[-u, -v] // ToRicci // RiemannToChristoffel // NoScalar // ChristoffelToGradMetric[#, g] & // Expand //

ToCanonical

3 . e T s

2 5 " a8, Os8, s 2 8" 0s0a8,, + > 8% 008, |+ 2 8%° 0g0.8,, - - B*® B'° 0s8,;0,8

. 1 o s ao . , e -

> 8™ B'" 0.8, Oz8g, + 5 g8%° B B°'°“ B, 018,53 0:855> 2 8™ B' 0,8, ,0:8,5 2 8" B' B,, 05088, +
1 2 L 3 I3 L < e

5 g%° g g 0:0,8,5+ - g““ g'° 8°1°2/g , 0:8s:y 08, s g*° g° 8°1°2 g, 0218, 02284 +

1 2 " cq o ” e ry = 3 % 1 ” e 1 B

p 8 8 8 8, n’ssa-, Os2Bssy - 5/B% 81° B B, 0,B,50:8551 + ; B B 0:8,50.8,,

1 a8 8 2z 1 a8 o715 A - 1 a8

2 g8 gr° Os8g, 0. = 8" 8"%/o 8., 0.8 — B B' 0g8,50.8 2 g X 0s8g, 0.8, 4 2 8°° 0,0.8,4

(S8
i}

3
~ l ‘l 02~ P ‘l s o
E (] Ou ()[Jg’jl' = "'([ OUO;J Gou + (/ dﬂaugl v + 2()“();‘. 2 -+ 3903()0()“9311
urd 4

a=0 A
+l‘“oo l“aa 1"00 - 139,0,.¢ 09,0 : 19,0
59 10u90r + —y 10,91y + =9 v+ 597010u930 + g wYov + q 20, G1v
1 l 1 l l l
,;/ du)qn +—g dthh +—J Oy%ﬂw{ —J OM%Jh{ EJ OMhJM {Eq ON%J&

2nd order PDFguf
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EO)

A
()fE3!11' L
can be solved?

-

(;MV(QMV)

m Cauchy surface

Y in M of one-time intersections with each causal curve

Initial value formulation:

appropriate initial data > subsequent uniquely determined
dynamical evolution
Appropriate initial data:
small changes in initial data > small change in solution
> predictable physics law

(Xldod of s=m)

m Globally hyperbolic spacetime

(M. g) which has Xcuueny

opology
LS (M, g mesxr

Any changes in initial data can not change solutions

outside causal future. > “Initial value
formulation” is weII osed. EES PO
o3 o8 19 g8 P 20233 XA H“m

o

HF A Al
o ...

~
o

2" orcgy PDF of

8l
o

I'7J " {including null path)

Newe /N e/
~~

submanifold

(D"

D*(S):

H5(S) : future /past Cauchy horizon (determined region limit)

future /past domain of dependence (determined region)

[*(S) : chronological future/past (ma

g , ——
JE(8) : causal future/past (everything-i

16



OFRl{FEFQ! BIF AL | Initial value
formulation: constraints
1l
G 1% (._(/ ,u,.l/) — 1 T,u..l/

C

(1) G, = 0 (vacuum Einstein eq. — 10g,,, dof.)
(2) VoG*? = 0 (Bianchi id. 4 eq.)
R 0 GOB (() GL3 4+ e G03 4+ F G(\O‘)

Qo Qo

no 2nd time deuvatwe — Cﬁu/ at most 2nd tlme derivative.

L Gog =0 — no evolution eq. just constraint on initial data.
L g evolved by G;; = 0 from Gog = 0|y,

I I a3

satisfies constraints in M by V.G =0

H AKX AR U =
20231 28 12 Q¢ 20238 N H“%f%iﬁ



OfQlFESl B AL 341 formulation:

constramts(mltlal data) + evolution???

8t
G [V (,_(] (v ) —

4

1y

C

o 2023H X HHE X T S
2023 28 1Y =9 Y T %f%imLEHg

= 1=



OtOI£5EFOI BEH AL 341 formulation:
metric 3+1 decomposition

IrG
A

-~

G,u.l/ (QW ) — T,u.l/

Gaussian normal coordinates : ds? = odz? + ".g_,‘(l,[/‘;(l_l/‘j
L ds? = guv(dat) @ (da”)
= —dt? + y;dy'dy’ & — (N? - 35" dt? + 28;dtda + vi;datda?

N=1

¢ dt=-N"1n

—n = —n,(dz") LN=1 3 =0
=R -+ 7, d 2 dz”
— NI e e ] 2 d

.

= P/,,, (projection tensor) > Projection tensor = metric on hypersurface

0

o 20239 A YUE H SHI A=t - ¢
20234 28 1¢ +2Y THEHE R :E -



OFQI45EFQI HEE AL 341 formulation:

metric 3+1 decomposition

e
G,u.l/ (,_(]W) — T 1

4 T,u,. 174

C

/
G =90, -9,, g’ = (dz¥) - (dz") /
(¢ = m+ 03
N =a (lapse function) T
! N = 34 = (0, .;) (shift vector)
m® = Nn® = (1,—3) (evolution vector) TT

ds? = Gudatda”
= —(N? — 3;8")dt* + 283;dtdz’ + v;;dx'da’?
= —N2de? + Yi; (dz’ + Bidt) (dz? + B/ dt)

—— ~ G = 3
dz’ daz’ 1 k¥
Note that dz' is not on X; when 3 # 0, but dz* is on X;. /
2023 X SCH2 8 SHI ASstu - OflrERQl
2023 22 1 =24 e HI-X—IAIJ:'|_|- Cays o
o O = 1=



OFQl+EFQI &AL 3+1 fermulation:

3+1 decomposition

8l
G,u,l/ (g,uu) — ('—4T'wj

~

S ALY eoee Scalar Gauss relation : |B— R For a sphere of radius » in the flat space, The contracted Gauss equation in the flat space:
oale aallss *le . = ’
. =1
we obtained
— ) s ,./\ 2 77
: — Ren . R=R—-02R:; + 0 (K* - K, K"
Contracted Gauss™ equation : Rye = Rpg — 0 Rupnz ds? = dr? e r2d6> s r2 gin? 9(1(}52 % ( o )

I -
R=K?-K, K"

— K2 — KoK — K44, K*°

= 9 ‘ 2
-~ - - - _ = — . o s i T 2 = 00 06 00 1 b bbb I
[l’ﬂl,’,ﬁ — [{j‘;,‘?ﬁ?’r + (7'2]\[,“,]\,,],, (Gauss ﬂl)f R _ "I”'Q’ KQQ =7, KQ‘)@ = rsm 07 A = ” C K =qg'g ]\H/-% K = g°rq [\””
2 00\2 2 HD\ 2 2
) = K* —(¢")"(Koo)” — (9°7)"(Kp0)
N, V. VP = RP 7o :
—)Tlhv;/]‘ =R /T/Ii/‘ — 2 ? L 5 1 2 4
=\7) — 2" T raggg” om 0
o~ Lot r :r b 1
TP — RP. A
72 2 @2
= r r r
Codazzi’s equation : QV[“KH’]' = Rﬁn'ﬁ"f/ s _ 2
T2
« r
Contracted Codazzi’s equation : QV[;,I\'I/]“ =R, :

20234 28 1 =Y 21




OtOIFEIQl BF Al 341 formulation:

v

3+1 decomposition

Eulerian observer (observer moving along a normal vector)

T=Fnsn4+nop+pzn+S
_2.<energy> momentum
C™""\density, density

1 = T’;, * 701 02 703

— /”":[‘ 710 ! shear
— 4 e T20 2 stress
T30 3 pressure

= (ont'n"” + P")1,,

momentum momentum

i - density flux

1 i/ L/

= —n'"n"1T,, + P"1,,

— _E+ S (energy density) pe =1
(momentum density) p, = =1,
(stress tensor) Sy = 17;,-;,-

z 20034 AX|AHE O ZaiTm HLsm - ofol
23 22 12 22 PAYIE Y Sum Agem - o



E|'O| I:II-I-I

OFCl £+

constramts(mltlal data) + evolutlon

Intrinsic eq.

Hamiltonian
constraint 1

Momentum
constraint 3

Unknown K,P 12

Degree to choose .
codrdinates 4

(2) W@

(1) W@,

nn

l/l

(.3) (‘]‘)(rﬁfj — (\11(11!,,,'

.. 3+71 formulation:

‘:ll:' (_T’!I]/ — (\Il(T ‘l!lll

= 87GT,, — R+ K*— K ;K"Y = 167GE
= 87G1,; — DK — D;K’, = —8xGp,
— O Kij = o Ri; — 2Ky K", + K Kij;)

+ (30K + O, 38Ky + 0,08 K )

— D;D;a — 87Ga[S;; — £~::(S — E)
» Dynamic dof . o 513 = 2% |
(12-4-4) = | Ky = 5L0 Py — Oyyij = —2aK;; + Dif3; + D;B;
. Grawtatlonal field d.o.f
4/2 =
- We can choose 8 independent variable for initial data and solve
constraint eq’s.
20231 2% 12 AQ 20238 FAYUE 2 S AGea - ofelsrete .



OFQIFEFR! B AL 3+1 formulation:
conformal decomposition

WG = 3(R+ K? — K, K") = 87Gp
<4)G'n,[1.. — D/I’K — DI/KU# — _87TG,]‘L1

° 4 COnStraint eq uations Degree of Freedom of the Weyl tensor : 10

Riemann(20) — Ricci(10) = Weyl(10)

¢ TO i,j i n d iceS: K,S 6 d Of,S in the d-dimensional spacetime,
. [n%(n? —1) n(n+1) ) nn+1)(n+2)(n—3)
O 2t XJ| RACR 7w [T [ e[

therefore, in 3-dimensional spacetime, Weyl tensors vanish.

2023 A SHE X SHO ASSt W - OrQlrERR
2023 22 1 =24 urﬂuﬂ Cays
o O = 1=



OFQI45EFQI HEE AL 341 formulation:

conformal decomposition

WG = 3(R+ K? — K, K") = 87Gp
(4)Gnl& — D,U’K — DI/KI/M — _87TG,j‘u

ds* = —(a® — ¢ 3%)dt* 4 20" pdtdr + & (dr? 4 r2d?Q)

N —

v

=7;;dz* dz?
. Any spherically symmetric metric is spatially conformally flat.

(4—n)n
1

j— a. 1 —1-niR2 BT, T
R = _;5',;_,,‘.----”17?— 2ny D% + H™< D) D

N 7

v

—0 when n =4
(in flat case, since ;; = n;; and R;; = R=10,)
when v;; = ¢¥"n;;, that is , n = H

202339 =X MC{E U SO A2t - OFQIFFERCI
—c.’- | | [ o — —TT )
20234 28 14 =Y urmui} Saps

o O = 1=
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OFQIFFEFQI HFH AL 3+1 formulation:
conformal decomposition

trace/traceless and conformal decomposition of Ajj;:
(Note that we didn't fix 7;; = n;; vet.
We increased number of unknowns, ~;; to 10, 5;; for convenience.
g , ¥
Ki; = Ai; + 37 ;I (A;j « traceless spatial extrinsic curvature)
9 _ 1080 s d—D A
AY = AY, —“L'.j =1 :L'J'
- 1
= =9 5 =

Ki; =9 “A;; + §7,-J~Ix

further decomposition of traceless A" = A%

into transverse/longitudinal components:

) N
A} =D'W? + D'W* — §A‘,’-’D;{U k= (LW)¥
D;AY = (ALW)’
o 2023 £X|ACH2 9 Z2T HS8Hm - OFQI#AE}Ol
20239 22 19 +92Y TS %%zméalg W - OfQlsEf
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OlFFEFOI BI ™Al 3+1 formulation:
conformal decomposition

(1) DGy = 8TGThn — R+ K2 — K ;K = 167GE

T nr o
(2) 'A]"(—r','.‘-l'y = (,‘7'(—7':[‘”-!'7 — D:‘]\’ — DI]\— = —(577(_1'])
L ) (5) ' I'G"/’;'“, = b?’(}'];*,',’,' — i), ]\'5.,‘ = (\(R‘;.,‘ — 21\'5/‘.1\'["1- = ]\'I\.’g.,')
’ k¢ - ‘ b Tm ‘ b T
+ (7 (*)/“I\f.i + ;3 ]\/‘1,' + (,)JJ Ki)
— D;D;a — 8nGa[S;; — .]2”“‘;_1(5' — F)]
- 1S a . . -
\I\:UI/ - ?L;”P/I]; - (_)I 4“"./’ - _2(l1\:/ +D:jl +DI),~‘
* free data: (. T
Grn : 8D% — YR — —L SK2 447 JL]A” = —16m°Gp
— conformal metric y; )
— symmetric traceless and transverse tensor A%T (traceless and transverse are - a8 (ALU ) — il’"' ”T, ¥ DI' K = 81 L p-’
meant with respectto y : )7,;;A"{~T =0and D,A'T’T =0); : PR > o =T -1 5 O
— scalar field K; ) (1'1"]' . ()j]\l'j = G(Rl‘j aF I\ I\I'J' — 2]\1']‘,1\/‘]-) — D,‘DJ'G — 081‘7(1'(51"]' — 57%ij
— conformal matter variables: (E, ﬁi ); X . - . S ,
. . + g D K;; + I\H;D;'«”j’]‘ + K l;jDi-”.f]‘
¢ constrained data (or “determined data”): { ‘ : o -
N\ AT — 2 o 7er] — 3 3t g
— conformal factor ¥, obeying the non-linear elliptic equation (9.19) (trace) K = —D“a + a(K ijI\ Ytdm(p+S))+ ' DK
(Lichnerowicz equation) . - . . ‘ ‘
— vector X, obeying the linear elliptic equation (9.20). Ki; : Ovyi; = —20K5; + D;B; + D;B;
Accordingly the general strategy to get valid initial data for the Cauchy problem is L, —l:» ij ‘1;.',:5 ()f L““" = —2a ]\,ij + D . 3] + DJ, 31

to choose (yjj, AI{T, K.E, p') on X and solve the system (9.19)—(9.20) to get ¥ and
X'. Then one constructs

(trace) 2 el X =0 In~'2 = —aK + D; 3

sourgoulhc Formalism in General Relativity_Spring
\ 2

20234 £X|ACIZ 9 ST HSStm - OfQI#ELCl
2023 22 1Y $9 ¢ TS Hl-j;t-IAIJ:'|_|.|-EE:I|4§_| e
o O = 1=



OFQIFEFOI B AL 341 formulation:
Schwarzschild BH.

in the conformally flat. time-symmetric vacuum solution ds® = —(02 — ‘L‘."~4;‘32)(112 + 2@-’313(11‘(11‘ + ‘L;""4 (dr2 + 1‘2(129)
whereby (K;; = —KY = 0. p=0) ZSAI:]:—J(]‘;,/
N L
_ U K2 T A AT — T
SD?%)) t[? 3 N e et = P | my 2 N4
b D% = At — g re=t 1 © ds® = — (9 — 2_) dt? + <1 + 7) (dr? +17d6% 4 7% sin® 6do?)
since the L\|L)l\l mass is p;i\'vn by
1 . C 2C
( D d?s, lim (47rdx | ——= | = =
_14(1 ~C I 2/((1’ r—0C 1"2 (_7'
- A.[(,T ( » =l - o
s O=— Gnn : 8D — YR — 39 PK2 44" JL,A” = —16my°Gp
GM T (AW — 20550 DK = 873 u)
we get 1 = 1 + - Ghi + (AW SU0A D, K TG
=! Gij: 0K =a(Ri; + KK — 2K K ‘J-) — DD — a8 G(S;; — %*,;J-(S —p))
< + ‘:31“DI»I\,1']' + K',,D ':"3]( -+ I\,]‘]’D‘S_gk
(trace) O, K = —D?a + a(K;; KV + 47 (p + S)) + 3'D; K
I\';j . C:)m ij — —2a X ij -+ Dg;‘)’j -+ D,‘},
L 4“_;1'\,"&’3@ P = —‘)(II\,I',' + D':’)" + Dj 3;
\ (trace) 5407 vij = O hr 2 = —aK + D;3
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OFQIFEFOI B AL 341 formulation:
Schwarzschild BH.

in the conformally flat, time-symmetric vacuum solution ds® = —(a? — Y 32)dt? + 22 Bdedr + (d) + 2?2 ())
whereby (K;; = —KY9=0, p=0) :1.,,1» Az
D) e
8 _ SO K2 A AT = — 168070
D2 — ) [1 3____ K== " A ;A : ) T mn 2 N4
. , 5 (o0) — C ds® = — dt? + (1 4+ — ) (dr® +r2d#? + r? sin® 0do?
LD“)e’:A“"'e':()‘ =1+ — <>+])7,1> 2r ( 7

since the All)l\l mass is given by

1 R C\ -, 1 C 2C'
M=——— f D1+ — |d°S;, = — lim (4772 x —— | ==
271G [ r Qa(ll—x e G

MG

9

GM
2r “' ',’

we get v =1 +

NyyY
!n:sﬂ
® Momentarily static, K=0 (maxi rgwal slqucing)
® S: minimal surfaDes‘ =0 +— —0
S or  2r)|._,
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OFQI45EFQI HEE AL 341 formulation:

Schwarzschild BH.

in the ~~mFammalle Hob Hmna cvmaian L e L tion ds? = —(02 _ ‘l;"4-32)(12‘2 + 2@,.“.4‘5_3(1“1,, + ‘l"‘;,4 ((11‘2 + 1‘2(129)
where :~7,_,?1Tf»'<1i-»'
sy T2
8D , 4
I = const 2 J. - % - D) ) m 9 2 ) 2 .9 . )
., B ds = —| ——= ) dt"+ (1 4+ — ) (dr® +r°df” 4+ r*sin” Odo?)
L:~ Dﬁlv ‘{*// 2 -+ S5 2/'
. ) =m/2
smee o v )
7 7\ . C 2C
M - \\ 7r? X (——)> = —
T Xy , o
L
we get
m2
T 4
® Einstein-Rosen bridge
® Kruskal diagram
- 2023 $X|ACHE 9! F24n} H2std - OFQIEfQl 30
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OFCIAEOI HEH AL 341 formulation:
Numerical calculation

Minimal distortion (elimination purely coordinate-related fluctuation in Yij)
* Locating horizon

. _ 2 D e e
Constructing initial dativeg . sp2y — ¢ — S KZ 4 VT AyAT = —16m° Gy (H. constraint)

(

a / ,  assuming asvimptotic Hatness m
L Afaty, — (Laplace eq.) S e : =1+ 5
Olpne — 1 2r
. Ma
L linear eq. — | =1+ E -
: _>I‘( o
where rc, = ‘I — (.-""\‘ and

(_-'(";,‘ is the coordinate location of the ath black hole
« Bowen-York approach
the conformal transverse-traceless decomposition

initial data constructed using < maximal slicing (K = 0,not K;; = 0)
- Evolution

conformal flatness (5;; = 7;;)

D cE g TH= "hX Al Eals
o O = 1=
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