Title: Explorationsin Theoretical Astrophysics (PHY S 7890) - Lecture 10
Date: Apr 16, 2010 09:30 AM
URL: http://pirsa.org/10040067

Abstract: <span>Gauge Invariant Cosmological Perturbation theory from 3+1 formulation of General Relativity. This course will aim to study in
detail the 3+1 decomposition in General Relativity and use the formalism to derive Gauge invariant perturbation theory at the linear order. Some
applications will be studied.</span>

Pirsa: 10040067 Page 1/120



Pirsa: 10040067







a: 10040067 Page 4/120




Pirsa: 1004006



















Alivm = Reaf
Sheet™




o




hor-reiy iy = ﬁmwhﬁg‘;‘;ﬁw i . T T .
M g {olichmm o} SpaceiMe

Alvm = Real

Snﬂ"

gl Ja\&xi ::\n Cb\&xi

olucecl Mein 2
ﬁ SA 2 |




\ — g

On /__:.. e {olichm o} Spacetime
' Alvm = 25&"
' SheetT

T“"‘ Asr; % %,w oM O\le =

Ata o

Sej&w& ) = »\;,M&x‘i ]

‘Qolu(e&ne‘ha
BT Ualy

|




At

i e, L[

"'?q.\wm - Reat-

Sm et

= Jodlda = \\;.-)Mm
(¢]

tluu’a Metn 2 |

MX)S e e

————

|




'C oliachim "1’ s?a"eme'

‘?q\wm a Reat-
Smﬂ"

o)
J‘SI = %;w C}Q’\'u O\Xv ) f
Ata

= P ldd = g axdx
“.t;,%olut.eclme’ﬁné

W) = qieny o R




Page 17/120




Page 18/120




SK#0 |
-ﬁ-—"é ot \» e M o be
—p 'ﬂ;-"‘ O e O‘F": ("' N} Q) Qu‘hxrﬁ - Pauﬂ‘w\j

)

\
Pirsa: 10040067 ” Page 19/120




Page 20/120




Page 21/120




;:'roz) SK#0 s e
o ﬂ;-" O ———v ﬂﬁ': (-‘N) Q) .R:Ld'\,u{ eru‘:T‘\a'\j‘
/ o9° |
| Q™ LD
Normakise 0™ ig,/.w‘{\»ﬂv: "1 e e “}
M L 80 N Tt
=97y = N°F° > 9= -N

Let W= N Rl = &
W = Sl Ty . LNt Y
~ _\_\L__. o8 Y\ N(\’N) - j [\V

irsa: 10040067 - — - . Page 22/120



Page 23/120




Page 24/120






















‘ MN")
* 30') SjLN.
oo : :
J .
-

N
N
_.N A
g

i

Y

>

)

~N: \
FN N, k\ .
<~N“N(
%/M:

)
















T o R e e T T, TR -







aly = - Mdech  (Ex

CLA.WOC\_U\VQ- arg, '/Z ] IS | e

+ C’\'}*(\ as\ <

E\,(—H.\\\S;t(l CAN)SNAR. ');'Nw\ V/\AY\V




: =

=
Ae’:t é e a&t
ClA.Wo:\'U\VQ 9fg_ é ' 1“M“%‘| A
i + C)\"}“{\T\SI -

EX-J(—{.\\\S-\E. wam «'\\{NV\ ‘\‘Zﬂ“v | ) \
tensan | A




Civoture ok S iwAnsie
’i +c’\'}‘(\nsﬁ\.¢

E\(-&-{\\\S\E_ C,U\Wm 'J;'NY\ V/’A Y\v | -/) “\

TRASon W LI‘WK

need Vo ‘51\\3@\;# T ‘538




A Qi NEREEE (B

oo e oo 2y PR
= IA t . +CX:}~(\1\S\_<- T /

- y - F\
i‘m L ARSI CAMUSAR "\‘ﬁ\-\f\ vﬂ\(\v --”)/ \
_ Tenson W\ Lg-ak . _
J -s:?{..'\" 'h, %A :

.&_% A

/

1111111111




abgy = - NEREE (B

/i CLAWO:\—““Q yg' i i 1\‘\'\“"\ﬂ5'|¢_
14 PANED
EXHNSIZ camudue ifowm N . BT L
I Ny
need Vo \W\\fd- #7‘%& ‘ tensan  fd. .

Any Jomsor --
\3"‘-‘3\:\\:\!‘" '\wj()( N, T/M},\F e C o 1\4 Qrdﬁm*\"gi w{\‘t\
«syiece Ay Wik « flece Lo NV

N



- =
R agsTRER(Fx

b ¥

.

ClAWaCW\‘Q 9’&— 2 Cwrns T e

+ NS < I‘ ”
Extansie cwtidue Aon Yy, % P
TeASon WA }1\&

pged Yo \\r\\y?ti‘ T 34
é\t\ux JR\.\\‘M‘ \lw}()( N}, T)Ar)(ﬁ. o C om L\J& $V0‘EC"~JY”3\{ WJD
N
A "?‘Wkt‘ "\0’\_{ \J\H AMA A \5':";_{: Lo N vy

.
™ TJ

Mol £

Page 43/120
















v Vo e
“e:::g:-( M\rﬂ;{rg. ?“‘ Pﬁ \Z« Ny
(l“ & fun Amhl‘-ﬁm%




go. \ s\ o L 5

2 &L\’.M’ K"(ﬁ = --'o( P;a Von l

extinsSic cnvaty Ny

(lu& %“Amwﬁ\’“'\\




"

v
....Y'h\i‘SI(. CMV At v ’Pd‘ Pﬁ vﬁ“\,
(l“& -@ur«&m‘hl—ﬁwh\




N Aa\m\._ \(

extinsic cnfaty




o

So du_!c T S e f
extinsic CM_QE. =_(_\>O(H P:V A
B Vv

2u4 fun
( \ &WM{EWS = _\)M




Page 53/120




T T AR L TR T A S L e Y -

Page 54/120




Page 55/120




- P

E US.R..“P "\'b Cﬂ#m?n‘.ﬂ- T’

Page 56/120




Q- 3T
Bukeh 7IG" = O
ﬂm\’h"\b

Page 57/120




. mVv e,
Vse !\P AN é’ﬁcmqu T m‘\o C”‘ef?j‘j RS 1;,_

“ tﬁmeﬂ\h M i Q/‘u\‘:] W1 L_‘,,
’

Page 58/120




| ?P"-.. gﬂG‘r‘ o
> [, |

Bmdh v GHV' B —>
Tdanhty [l

(\.’ SR “P F\\) Cgﬁﬁm?b% TMV \ﬁ_\\D C\l\efﬂ ':':' }\Q’“_: | 4 L= k___

' C‘rh\&u\i\' S &QN\-‘-; W U J
v

w J\j\ o, L “‘_-_,‘{"FQ SS

PIrsa. 10040067 Page 59/120



'Bm VG |
Tdonhty, (isual

S AS ¥, -
Use ¢, o dgcampose |\ Alo  Cwerdy dusity =

p(‘ ("TMEM.N () S &_@j‘.\‘{ IL 1 !C," J

et ok sttess N\ F

:E — \nF“VTMV

Pirsa. 10040067 Page 60/120



VY ’i:k. Mﬂ‘*‘g“c"c‘ E

B amchat V GMV-' B> W | |
ﬂgw‘nhz [ wsvall

- {
. ool

.;,

\' | e —
. _r_fp.-n\ A :

Nl."‘)MU\‘\V'\h &L/\H 1 e J
L

\Lk'\ﬁiji\ i—f\'f‘k‘ RN :

== NV
— £ P
3'15 (\aT .&? v

Pirsa. 10040067

Page 61/120




Page 62/120




E T \nﬂ‘“v-\_mv Scalor
jh'  — o (\ deﬁ ?P}( zi-- W ¢ -..[" \\"(
Ql\l % T;-w PH‘.\\T’\} (-~ HEnSOEC " ‘f‘\,\e 1\ v

| >4y
} 1‘ F

Page 63/120




l'ﬁﬁ\" eu\-erﬁ CDlD-r\\Sl+u E fc )
Nome,m (') &M\S\txa, )
SHafol steess NF

|
rl
|

L I.
- 1M |
_'v:'! . Page 64/120

- S



= v |
s US«Q- “WP "\‘b cﬂm.\(:usn. TM Ao eu\erg }% Hh = |

r NDMEM. W i%*n et )
¢

5\‘3‘:&.‘\\11 sthress VR

| B = 0 BB LS
o G eih 4 = vt LEn®
\\ j! ﬂdT ﬁ?}( : v &
& e 16 & \ ~ i n5ec -J—Y\l l\:
l I \;«VP ‘i\\jtg G Ui :

~ N

| b M M

Page 65/120




l",







i e i S e

a. 10040067 — X Page 68/120




Page 69/120




& 15 gl)nc,"hw\ o\ S\?acefhmy_ % 1 |__=.

P' _.h :j oS(b\D
| ﬁwtw iﬂ‘mﬂsiv\ﬁ A &i* }fl,ﬂ\\rﬁ‘ Phnf*\,xj

AltE« %\.Ns

Y

Page 70/120




-'-!--g..—.

—' ﬁﬂm -t““e' 'Q\'")n\od,bf\ o\ (OoNAS

'i

'hmijﬂlbb‘*‘ S:U“C:h“\ o\ S\Qac_efhwm. s W1
fi!"wlum-'ﬁo mmuSlv\ﬂ A = SUL x_u_\.\m___ Fmd\

Alte: \‘.f‘ws

Page 71/120



,h@ﬂt,;%‘goslb\bg g’l)mc.‘hw\ o\ ‘b?ace/’ﬂm wh u
ﬂ-g dmﬂbo m-za-euSlvxﬁ iy oA Cabire - Pmdw,‘.7

Tx™)

AltE \‘.'\\

Page 72/120



. —

' C'ﬁkg“ MQ, 't\me'bc-"ﬂ\oa\on@& (ONAS

/ 'In

—‘hﬂ\,ﬂ, \s:] oslb\bck g'uf\c.‘hm o\ S*?ac,e,hwu_ e W
F\'{wlmubo mmvcelv\j & oJL futwre- eoiviting Atrecting

R ™ s e

'!'7." (i‘\,-n- k' C

Page 73/120



AT—D % }\'5?‘:?)\6’\ \L.SQ 'bme*br-"fhodomﬂ (OONAS

] s‘s‘t M
; 15__J C’slbbd’» gl)f\c.’ﬁ\v\ O\ b?mce/}ﬁmja W |

: P ‘ -klﬁ' l'\'\.!\.--s

=

Ve Sy l\ﬂ. _
""- 'jh (e ‘\"

\L;\\

g______

Page 74/120





















A S Dol S

(_\ XM

Ve COBAS "




+- 0

bQme:g '







\ BETWe cot s T 1
p SPatak Conelks aQ Mg

ek ol comrate
N ON SHN 3{,;,%:\\%\0& S \

1 \\ iw.\&“'\g " | N NS,
ATwst oM T=( = & i VS Q

SWdce Y A\ Y




- 0
S LA f\b ;

-t o

Of S ?da:\\cm\a\? oA

: \\— Q\Y\H \S N\ ' S 1 N :
A T: crast :\K’L\ ‘>___ \ —{() = SX{ *I-}:-)S- (5 ;w:: Q

Sl ‘C—((u-{ \"\Kh ‘k)\ i







Page 87/120




-6 OoS Oﬁ‘% WonNgc €2 camgat\u\’\?_, %_ —P
W 3 K,mv’

¢

Page 88/120



\‘:‘- g
&V~

wi-6 wokS Oﬁ‘% WonNZ € (2 C"“‘“‘i’"‘““@ g’ _P
) : K)w

‘:"‘W Kk.3 - "\7: l'{\ 'J

JAY

Page 89/120

i



S < Qe I
wt-6 OWAS, Of\\% NN €D Com?“sf"hﬂj\% g._ —\) o€ \ el J

% 3 Km\/
;kw Ki's = "\7{ \(\'J - -b(: A

.

X

Page 90/120



:S-"”‘"

—*»N

wt-o woldS oM\(,_aI WRTE D Comgatni o _P
5 g wa

; -
e \/\q -\7: W= T BL ny + ‘ili )

\" e '5;\'_ !
BV vy = .‘ (<) + :

A

Page 91/120



—»N

€ \BL’ = & i'J.-L
w6 mwﬂg f\.\% WNT E(D Cc-rv's?a&t\,\?_, cr%_ _i o\ ]
L 3 MY

, | 9
e Kq = \bn, = - é‘fm; + e N

) 3 > »

(. 'a'

Page 92/120




P00 > 00

- DAy \‘31k - r& z. lJ.-L
-6 mwas, of\\\a W € (D c:cmtgml-t\’\% GE. _i V) _, .
)| N b“\/

;L‘.Q, K” - .v: ‘{\-‘ — B \C 'i'\_l A1 \.;’(J T\ 4 et I"l' L\ 9

Page 93/120

1



O“"’WU

—*N

G 'l
nwt-6 WS, Of\\% WNT € (D CMQBN-N\% %__ —\) o.T€ \ | ) J

¥ ' Kx““/
- — 9 a {
O S VA St + Ve == NN

""\‘{ Q.

Page 94/120



_—
-aN—O-""WQ

'P

wt-o oS O“\?I \WNZ (D Comgortnts %r

;}‘t"—" \./\L'B - -v:‘{\' —
-‘\“{;\C_Qw \\ \\; .

Page 95/120




P: ' -=-7N 0 > =0

e -5,
nwt-6 Cﬂo«f&-ﬁ, Oﬁ\% WoNZ € (D c@mﬁac{t\‘\% cr%_ ? o€ ; | p

i " Ku\v‘
aw \/\L's F *VL‘(\; = -'ég"\f\;, +

h“\ (AAC ) \{\ (i
AL ¢ o— o ) =

Page 96/120




_:_)N O-—aﬂ(U

Y S [
wnwi-6 OHAS Of\.\% WoNZ € (D CQ-MQN‘LN\% g— _P o€ \ : . J
| | ' K id

- —',') 4 \ g i
(N K;'B - -v;_ ‘(\'_‘ | DC i ‘;; 1'\__ = = ATE ,I\J‘

-_\.H{L\{—Q- \U) KLT C— I\h'(\:. 3 —\7* \: = "-\. \-l\ \

| L
J \1

Page 97/120




O“‘*QU

—*N

wt-6 OAS, 01\\% WNT €D cwqan&t\\% %_ —P
) . K{mv’

. -5 1
(N \/\;'5 = -V: ‘(\" C ol Tt DL, A ‘;l:, 1\ ; ""-1' A .N

- ]
\J = \\ 4 L
] - | o e ;

—

= = W \pw ==y %

i

Page 98/120




——

B0 = =0

—'—vN

“t-6 mufa_; Og\\% WoNG € (D CMQBNLR\?_. %’ —\;
) ' MY

Page 99/120



O-"”W'O

-'-?N

\JC 0 (_ﬂo(&‘; Of\\%_ WNT €D CM?DN-\\\% %’_ —\D
A ' Km/

Page 100/120















Page 105/120




Page 106/120




Page 107/120




Page 108/120




—

8 -\-TM ‘=T el L. T

i : C oA
Ay Y—;{Ta +r°1CT

i Ry

I\ - I #\1
| = i




e —
A o' o * @ (“YQT—-
BT
Y oL A L 1A% )
J"T o CLT 1—T;LT J
L °0 0 o0 o L] o0\ pu—y #
) T )0 JFQ(—::‘:;T -‘Lgrm T T TGH- L \ tx_!' '. et

Dl

TEF NKE

Page 110/120



‘,\

oa' '\‘ g -O"' "‘ al | * 0‘-"+i
i 3° - r T .:UT
20 V—o‘{ T{At *—r“L
T—_ zo*'icz‘\‘aol gro ¥ mLT
- .l.,oT TTGL 1 rtlj
. 7 ( 'TJ’I‘{—

Dol

fl

NT =
45 AR =
E N\\T *iV(}\]”\

(- =
| ( N C ot ‘i
L 00 -
“\ SUS ‘wflﬂ \(
A |_L \
— :

N



ob -\_ Tou __T " raT v ‘ T
30 5C b= 1\
e T
T~ QCT,TM.*grL:TM ¥ Tni ) t~j_i e

Dol

(!

NT: = T, - g = - i
t j T: E N\\R'H_ (lL(}\J \)-i—}
M Coocd :suid W 'Jﬁf\ |\ .

L
\1 :-_.'\\L

Page 112/120



W————i b _\ .

-4 #Tf’“ -Tot,a e _
T T
T T r“*%r: | AR

L4

NTJ;_ =", 7Y E N\\r ( *-L\

(= S

LY - { M Coocd S \\:51 \uJ f‘\\ﬁ F\f L 5 ‘x |
i y
[“': | S A \ \ \A \.\ "'M\\ T \\\ "\\M s €9 ! 0 \.‘\\' _l,\ \$ 1;\“

{' \, l
\
\ (o™ S \\ e

Page 113/120



i ————

[E—
—










_“‘

LT 0 CoTaS NS

\&M{ dNA R

SRS

————

—
—

=%
—

e, o Schar €C1'! Wil }Q&um‘h) (-)k-) , N"' Tﬁt

’f




b - ﬁ(‘ s N‘ag =

Liﬁ \.e. o Sk ar ecl"s U\\\d/\ Y‘Q&U\Cﬂ’éh (‘)K') : N’L Tof.
y 4\ ‘nt-6 CosixS s | NTD.L
Q N\}&DKE — TI\[(QJPN"‘@%E | T‘;-}




e, o Sahar eg Wl yeduceqy Tt (%)
\A -0 cosfdS s

PAE < i)
= KE- L V() et
Et szt(N\>+Nk\ESL|)

e ————

[H\ W \’\hﬁl&z(ﬁ'

\

#




Page 120/120




