Title: General Relativity for Cosmology Lecture - 100323
Speakers: Achim Kempf

Collection: General Relativity for Cosmol ogy

Date: October 03, 2023 - 2:00 PM

URL.: https://pirsa.org/23100022

Abstract: Zoom: https://pitp.zoom.us/j/916408556242pwd=dWV WYV 2doSnBhU S9JUkhj QV BwY 0h0dz09

Pirsa: 23100022 Page 1/10



File Edt View Inset Actions Tools Help

6 ov (3mm log Acbarn K £ul‘.¢n3
R fov Corrmiloygy, eapf Aok i
#0 w é o&;m'f« {‘4 ;‘cp-( ’J - M‘m]/‘(? o /4 mw/oll; f‘lft, bl A cvvalure, alio veveals s-'r’u// o fhe

E??"J S fd{‘{g—ré-f“{lw}u : C‘xwf‘&: 1 st wndl a e Ao

' e F’%
2 2 2 :
b fe O pnlll Eosepot dovon b /‘/:(t—y»]"f\ \

y c ,-"J LA ovth S ana Taw
Canstt [N\ o
d+ £+ 10" £ 1807 O vedor vkl o't { || \’FL., o /
;f,c. n#.vﬁ-g... 0k \ \ (.‘;5""(“_'5,;)/! /
Hsfm‘ﬂ’fé-{ J-qﬁ «/ﬂm{y ccmuo(ul/ md:fa«’ ’[ov Wv-xv“'f #Iﬁqu 1"‘-« mi_ . ...JQJI‘!’-M F'rf.{ﬁ \\ \*\_"/ /

R({J T‘uS th-({s x_,/ yep s il ot 7

r/ b a(%w local ""f’ {(m«,‘ g&ﬂva,t*l 7 wellovs
De}w/ J,J(-J e fh respeof fapo—rw {mspwf
én;ﬁk«fuwﬁf‘“m #/-ﬁﬁ&{-ﬂm"fkwff ﬂfﬂ"( L;c a(omvdf-wm.rms‘rfrw G‘J Jm-éaf/'wb :l— ' :)

s o

we hawe (L‘ L"] . Lff.r,: = Ojﬂc;‘nf«f w/fﬁv- ZT‘,

The Covaviant D‘;j,y"""t"‘{‘."“: V. Vim a chest: 1 (hoose as bases [‘V ?:JMJ,'I.;.: )/-5?.—?

D%‘Hﬂ{'o"" /f“’ ,&.;.ea-v m-f 'f (n—,-—f ve of e /‘.(Jl 1] ",‘vpn & covawment JG“’" Lo V, comsidey As
C—_--’_'-’
T : TUm)aTtar) = T 'tan) aclion on basi's veddovs, ‘“"”"’ i f:i%" ig_u :
v 4 7{;’ — v fAPP ave calfed.
7 2 2 e
R!(wa-' L wi = g — — ~rT 5 h!’d
0507“‘: ( ) Ewd =0 %7311 o= F‘ {d?x* * wwﬁi‘zmu’{ onts’

r"/vt ‘tw p“" l{;’?

%y =%y, VicTu) s
becawie Ly w- (4031 900712L1 ir \ G lei,vin {he avioms: . 2 @, ,J e
w3 it bdylet oy x) V({{?;:ﬁ?)7 *{V,? - fi"?_v‘_’_;i(??“):f 1;:%’(?}“}

1719

Pirsa: 23100022 Page 2/10




File Edit View Insert Actions Tools

Help
= I‘ TTFT LS Sharing Destop = scp 5mans | P 1 TR T N e
[ : . \ fM Ao [-L&.ll 4{"‘; f / "{\ng‘ld \ \‘f eavth i ’?"'{'v
= LhA Lka o s o d e dtepe . l N . Y
J+ﬂ419’#"50‘ O veddo wundl anms ot \ I \:’Lu it I |
iy oty 1]
o - ..—J'J
Hsfm-‘v({} & J-m} -afv-f-c(y o a0 plawed o‘:f-, IL’JV Canrimtanre fffqv {lis MJ, ; po-ﬁlé_)lfau--!.-hdf \"/
Recall Thas m‘&wfzs L rep emes derne
L 3
b g@w ’l(" s‘.’e {‘m" ‘&wu@"'! 7 WJWQ'
De/’ﬂf{ Jf_;(l}

lwt“ wa,u# 6,0”-[&1 € vouns pw’/
=‘>w;4¢‘é£¢m—-{"¢l‘~m %;ﬁ;ﬂ.& &(n**l‘q,t ﬂf‘a‘( L:e

v./t.wmj‘msréwtf; J“‘\M/Wg:jl'? D

3> ] }‘.’
we have “1 L(‘] fif.l = 0> A0 ;44f4 n-/Fo.... %l

Ile Covaviant D‘I}/"""t"‘{""“,v: Vim a chert: 0 (horse oo bases [n T;:.M);p,’,; j?%?

/f‘n] Aﬂ(ev —'vvu/) 'f {-.../...f ve of o JL:-(Jt 0 ‘n'vfm & covawvoent A‘K.Vdd'v? V, (omscdey As
T T'tm)aT(an) =T '(an)

acliom om basis vedors, sud “,e 4 f-
v ’ v, ”n DY ae el
5 ? f - 14 7 Rerdt: Ll"}% 2.8 E,{_é?_ e Fr (ijs?'—‘ I s f‘f/‘”f ff"‘b‘:”
‘74 v =10 " gy g
Hot b [ Ly (I) It 7 { 5% £

8 onmeidivu 41{/@ wts”
becawse Lyy- ({f 31 {LB 1201w

O
lei,v;'n the axioms:

2 i,
Ta T

. ¥ “ T~ vectos
(x) T{I?) ﬂ”? {%? (iabiannd) %7:‘?(,”L ?l') f V (? » 1)
ot eall f ) Wi T ), f & Fin)
v ﬂ”l fum,-n-.d sbviveld se ov n/fu-r tommrdll o L) er - .
o : O (7uissi » T 0E.)
M{C: ({‘(“? * ¢ T’Fh'qi;%"
mET— 1 [pp——— T O (yet) L Mot iow: Vi iz 9t Yy
fflu%'u(, > ma-ffvfa Aosse Tyand Thi Moo e —

#M&S‘?t ieﬁ’ s

Pirsa: 23100022

Page 3/10



File Edit View Insert Actions Tools Help

O Lhe olhes hond :

wAL amo——.(b) =>

é‘?i-..;
=25 7 (31-—'_7_ e Loy vl T =y
*x" 2x* 340
¥
- o' 2 x'\? Dxd or )
- == lasi==t = * _"{ e
[ 22 pe? kK J
e .4
- /2 2x')| 2 y 2’ 72
N (ﬁ“??')i]_l > -.‘f‘-:T‘F T

TA( :6 50 '/ ﬂ”Couuﬁ'am'( Aoivalive

é‘hii‘lff é‘!t covaviont ol valive LJ
un ot hos 9!«-; a daveds o ve o g' .

]

[}
v T:i'l""l - T,(#m),

Vi ?: ?r"}’%_ - v?{lj - ?H’ I’djd’x‘@j%.

7( ;l»{l(ur.'( vvﬁ.‘..l{fnﬁ‘
[ Ty etk ,Cpm.»g ) “\;L

Jﬂ"“.‘ T‘u Chfﬂd&'a“i U'? w~fh 1: 7-!’-['-‘

VL0 = 9% d=(0) 2 = 4l

A )-50e) - ok, oz go5t =g

Pirsa: 23100022

6§ Sharing Desktop

Y iﬁ = o't? ok wadd (%)

I e e

T Woen wi astep of [

C
C_!qf’;/ Ry Levam
would be €heve, of Ll
D o be dtwr v wwn (as-u‘[um!lf "ﬁ".‘, wrve Comsor zf‘u‘_"
e éhql L% s s

-‘;.7"(1"‘ Mk e leve - gns fher !

(n e s b, Ao eyt

¥
Physicists ' defomation of & Awy sel of o famstioms [ (1) whidh

{n-sj..-. s tony o 4}.—." a cov. dorivalive .

We @'«ul v Jﬂéma.% Now, exlomct the

GCDMQ&‘C M(‘w 1 v £ (jU' a&omlu .v-f ..n{fium.’ £ voirs gt

Dfimu&m

Tb.q,a z.‘an;rnt( vectoy ,&'e/o( 9 s
called at- pe valle £ a]m—, ,""1%
v

ry B¢
Co f  dusm ¥ oy mdey povaldit
fms,ou‘ a/-v €he f;a{i Y-

Noti: Ve U ser thet ’-7/ et €x 5T, (2., we
cam atrvays poeafled tomgpod & vector g fusite dirtomcnr,

5719

Page 4/10

Asscom & u‘»r'w.aacﬂa!)n‘l}r R-M

®
¥




File Edit View Insert Actions Tools Help

- T:f M| T,-{‘“},
: - D% TEL D § 2
v ?_ Y7 - ??f =T % (<)l x '@")T'

fle fied thy ope. -L,V....,J,.—/,*)ﬁ\
Kok e v

Jndeed - Tha Ca-'f--&'n\i ‘9"7 wuntl § yalds :

T.T?:‘(;- ?.)- #;_\{f‘},. = ,!,"_g'_.j’.__ = r? okt (%))

AxQ)Sle) - g2 8, - 5t o1

Q jﬂ a a‘avf,

amd
> ¢ = x'(¢)

amd 4 £m’.J ve ot
}i(':(u): det 2

Thw: 7, % = Vie (257) = 4w (9°2)

oy ¥ T1 L?-‘ :
b 3 ;
- ‘-"_‘(?_; 2 -l ;’_)
u"'!' 247 { L
k_'_—Y_\_/"' }
P i, . \
— (4{__}, + ol x - B _-;1 _o
d ¢ deée ¢ ’ 2% ==

v

Tf‘.—n,a éan;r'nl( vector ﬁc/a( 7 T
C...a“d n.«.f‘sflfﬂﬂrluy(! djoh;r,/
‘;; ‘? = D
e c/ v does~ ¢ s-‘h-’. oy ,m-..az
Aoti: We M se {U‘jz‘lmr ex st 2., we

(@ Jw-‘-,; [ {ns’p‘ a vechor 7F-6 a‘b{mm.

= “r)a«fapo-.cZ[fc}t MO §

J-£ 4ia 4 the Covel Tron

e Wy e g A«'n?
dv', .1 odx” N ﬁma.u..:_.ﬁg
‘,; ? o ¢ ¥y =0 eu&-#«.;-é'n-}?t.

Thor o ¢ ~l, 0D E&; /o, ”- T lhes :

jﬂuéd tmo&tw F"f('})$SMI” 7 f}‘(f})(x"ﬂ’r
o Lot Locall,

| P—vvpa;,,.' i«m 3

Civem a PafA)' [¢,5] = M, the

Muf;mﬂd ﬁ-uﬂauf‘g a f-raf wt Honw v
at plé) G 4els) is e Ant

Pirsa: 23100022

Page 5/10




File Edit View Insert Actions Tools Help

amd Ede hr#«fnr
P (xée) = !‘;.IT' 2

T S v - i -'i’ - -{rd” a f 7 i
l"'""_ s 7 v{*f;‘;‘.?a‘ 1 = e = NJ )
J’(*l - 2 'y
jf(}f;{i‘?‘«r)
ey i
dé y K, - — -

Je " the Pq"‘}l 4};‘“& M{rulpnf amap 7 %
(P

pie) - -T;:'H
T(d,s) 7{)'”1} = & fl}a‘f‘:)
a a: (“Ul owst use T lo vlface v a1 a /%uﬂ’o-—la‘m’i Aw{?

(f.. th proef, see 0. AL Gt by SHarirmans)

0 P“!“Updh' liow :
L

. _nfﬁ'TI?({l z 71’f”;} :c‘;’;) ?'('F,'t}(?(}yu)})
"““ g fzé
M ; M’\GC : Sp:nu WA (o choose fuﬁi wath avb{rary ;.f
€ Aes e,.“ﬁ-- o be tsed as a
yamz(w'c clefinition 4 7.

Pirsa: 23100022

Lo v [s¢ ~le ODEg /av 7 | s ;

TJalad (wo&'t‘m ?{f“}} .—950640- 7 {'J/(f}) oxsYs
ot Louit Lfocal¥,

4 0 P-vvpap,'tdv\:

Civen a P“{Af [€,5] = M, the

Mofu—m”o( t’--of,,.’f of a 6-—.7,.;! we Fons v
M)‘lri‘j t k‘(s)trj w’«l

v #r Mbc'tmri Gersovs:

] Tb Pum“/ t""’f"{ wu/. Ts.¢) {thf)o/fs
fh,-/ veolo s v frovm J0) b pete),

a Déwth' r(i'f) a/h r)mvam tv‘-‘.sfovfj é‘ﬂ O&J

w.f-vs w ﬂaﬂ.& 5o fu (onfuc.l"nu “ (om :uwl:

T () ( r( )) = wlsy) (c‘)
=, ‘
s b Lran Ifavbft?

a Ex Gmsion d T to lmsov fy-roo(uds:
v(5®S5,) = =(5) e = (5,) (1)

S, nd §, ave limsns a/ P T

Page 6/10




File Edit View Insert

Actions  Tools  Help

([~ ¢k prog, see e g bl ot by St )

\ Prupasq"fa‘w :

e _
, 2o3PP® V. 7(xte) = a—?f;/ Tlst) (p)
9 f=¢
M N¢£C $ S(;‘u LAl Lo 0‘!#5( P-“S wath M&.’fu!? 'y
‘1\1‘5 C’dét‘ﬂ Com ‘yc used as a
,laint{ra't c&ﬁ'm'ft'ou BJ V.
/v\-\-g
a D!L'm\t.&w H L(!'Crbl'_(t 2

a scatar frmetaom S!'Hﬂ},
bl
gs = 8) - g 28

arh. Pm-}‘ P

v SJE‘r*“jf;

it20

cevbe !‘-"I—r] Lean furw
l

’c;f(‘[‘

Pr
i
wide T

d / 1’"[(0}5(; f-;‘;)
ta0

a’f
‘C‘fe, Jf‘ s ﬂﬂl/ Pq‘f“l (‘lvaﬁ;‘ P 0‘(7!-&;:

}r{o} =£G). , }‘(0;’: p

a Absa,&:ﬁ COVavth-t{ 0‘-;«'\/:{1'&'8.' \

- fd © 08 csdakos ([, p) bomsn ‘
foo abs. doivel ve : N S——
(Mum-wfr.‘#) V‘SA'?,

L ZPT S -,

4?;1.'-"’.‘ *"rr'j = ‘7:,5}{{-;_ s Po s

Pirsa: 23100022

1 0: (om ot uae T Lo fane v ara /éfwfs--la"m'i 5«-«! !

a Diwth T{S,{) abs, pnd-w 'f-v-..:’o--'(s é‘d B&«J

vedoes w, namely 50 that comtraclion oy Comsoyed :

T[w)(rf?J) -ul;?) (d)
b

fm!r»fdt?

a Ex Ension d T to Gmsov F'raofmc/s:

Z‘(SL§5)._ =(S)® v %)
L-———\—s.:.‘uwz’.,..wsy

(7)

Gk B, vand

“P-fophf Lies i‘? :

% Touv a ot vatlion :

(ecnmre v imbants tle labias vty fron £)
Ll

~TU ¢ (peln))

%(ses,) f} r(SaSJ see s L) Ts)@2(s.)
= [fhtsloetsa|, o~ o & vt

= (%5)@S5, +5,0%S, (A)

* E, (G') Wfa-’-u bhat 7 aud comtredtiomsd o Comm .

119
®

Page 7/10




File Edit View Inset Actions Tools Help

Uhlt_‘a J
‘eve, (5 an, ath Chrowgh obeying :
g 7 P Fh p SRy imy
»lo)=€G) , plo)=p

a Aésaz&ﬁ Cavavl.d-n{ Déw'uc'&'ue,‘

}.J o 78 widadia (7, p) basin

fov abs. doisatioe T OS— ‘
(:;,L:u,...)g,) (F?;SA',’ % TR !."1 = V(S(/?., L P .

Acliom of 7 om lemsors v achhart T
a R!(dﬁi 5.7{_;2; - g’.‘l-i
PVGLL-\: Iu;\d U(C{" = ?

_#-'11-};.&

Loy

coto, A fostd
£ 4

e Ay @ (O'H&('l((r -?@...u i

o Doffontaat

St : A)
i‘;‘f 'FI":{?@W) = (I?71(,9w LA
::::f; @ (on{no\‘ P (sen Hd Gk cntonstion comants)
Cnsos . by txeviase ’
(e flty) = wlg7) + Guily)

5( w(f,))

g L 2

= [;,‘f-/m t(S.{]o el s,)L” + r(S.)Lg -'fé/::”‘)

=(%5)®5, +5,0%S, (A)

"x- E, (G‘) F&M Choh 7 and comtrectioms d o Comm i,

/%{ﬂ&"v\ H
Car, €D = w(f)

[y

\ fM{f"“"Jf

flewly) = w (%) +6gw)ly))

-—7 /414 (.urvaun /N fu) ?)
(%)) = (W‘?‘) w(9v) G")
Mow:Choose w - dx! and 7=
S ES

> ((IR) = (G

e ze

PR

\,))‘ {d«?, A X >

n/1

Pirsa: 23100022

Page 8/10




File Edit View Inset Actions Tools Help

halid b BT 3 L2 I3 4 ¥

T 7
It.‘a

‘f«rf, Y S omy Pn"‘ (‘un,‘ P a‘wyd-’.‘ - [ﬁ/"‘ t{S.!IO t{S,,)L:'*T'(S.)/’e :‘%/’r(}‘)

2le)=06) , ple)=p
=(%5)®5, +50%S, (A)
a Aésal&ﬁ covaviamt dbwvative ;

Jedd o 7S witeadoia () p) busiw

Eai =

o b olcitive - N — P . X% E. (G‘) Lty Lhak T and condtreiomgd 0 Comanil,
(;‘L:"’f"'ﬁ“) (V;SA:]‘_ & (TR R f.'} = V(S (7_, . D ’W') 7 f’
. ( {(wly) = Wv;?h@;w}@))
Aclion of 7 0m lemsors wm a chravt T
=2 A hrvaun /w Qi) ( ?)

1 Recall 2 = .""—”f- =,
g Kec Gax = € = (%) y) = (W‘ﬁ‘wﬁ’{w (*)

n .
I~ L—\ : c{x' s 2
_aL___ Iwa{ Ug . ,/l/,w:“aase w :‘(I’shd v __57_
{,._?_d.-J-}{,a B “’i i
coton A foatd — ‘,‘ _)_ - ‘

—

{w’;f\' - -u["!)l — -

Py bat - 2 =8 -
. Diphn ——_" - a2

Sa.

i # (/4, \fM{

S{vﬂ - - i = ’ r_",

r At el | i o 2 e

vl Melowy

[~ gnnnt o (ontfvof : (war et G ad cotimition comnunts) ‘ ' B—

St by exeviase ’ = V4 d’xt T — ‘

b (lfw% ) (A}{ }} - "’{??J + lgu}){-?) 7 c {9 r' £ G{{
(“'(':) 217.2 ’

n/1

Pirsa: 23100022 Page 9/10



File Edit View Inset Actions Tools Help

=S I ) thot % D reads

. @. g._ @l '® . @ol™

"Sf‘iy..?,,.,_,.’,_w. o= %S = (S

JH“ 0-.

-S’(‘?-' --.% ?.,W.. . u,) Wl{" 2 S," ‘r o S"‘. -"r & r.'..' S:.r-.- p

Jriw Pl L)
% %
-5{?,,...,7,,? uu,,w”,...’:y,).‘.,_. &..Jr'.: P
=~ . 7
- Sl i g ) R
E T

Sf,'ea'al (ases :

a Ta—-,-v-\‘" Ao ;J"lf
f'_,'n :f:. '(’F;,-
a (a'fmr-# vedlon ﬁ'ol-(:.-

’
w,.. = w - 0 s

l" L

ecgﬂ gp((t/ruﬂ V!f.mﬁ:s Pan/é({n-: awfr/w.fo.;
and ths f‘a«ﬂ r,cu/y e m/-(/: !‘-p! bt bhool

— J«chl, VSFICI' es TOvS"dﬂ ce (owvm Give

Pirsa: 23100022 Page 10/10




