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H(t) = Hubbleconstante/parameter

a = schaalfactor van het heelal

!a = da / dt = verandering schaalfactor per tijdseenheid 

G = gravitatieconstante

! = materiedichtheid (massa per volume-eenheid)

c = lichtsnelheid

k = maat voor de energie-inhoud van het heelal (volgens 

ART een maat voor de vorm van de ruimte)
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! 0 = 2,7.10" 27  kg/m3
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!!a = versnelling van de schaalfactor

P = druk in het heelal
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materie: ! m = materiedichtheid =
! m0

a3

straling: ! r = stralingsdichtheid =
! r 0

a4

donkere energie: ! ! = donkere energiedichtheid
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J")"*"+/$H()/"+O$ c%'` A$Y]ZCW@\C]\s\E$A$Y2TB$;"+$
r %'` A @\C]\s\EX]TC$+.$A$\2\$..$

! _+$\]^Z$3(()1<"-/"+$d,/")$"+$!").,+2$(<$J,171$3,+$ a)7"/.,++
"+$g6,+#6..":4,+7:,2$%'`$."#$ c A$V$;

! _+$\]S^$(+#/"*#"+$G)+($R"+97,1"+$b(J")#$q7-1(+$J7D$#("3,-$%'`$
"+$*)7D8"+$/,,)3(()$d(J"-$<)7D1

%'`$71$1#")*"$,,+H7D97+8$/,#$(")*+,-#4"()7"$D671#$*,+$97D+

+,*-,.,/(& 12



!"#$
%&'()*

%'`O$$[#),-7+817+#"+17#"7#
! `-7D*#$3)7DH"-$"F,:#$9H,)#"$1#),-7+8$#"$97D+$3(-8"+1$/"$

R-,+:*$>6+:#7"

+,*-,.,/(& 13
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%'`$ K:())":#7"1

$;,&/&<=&&.>. 14

! %'`$4"">#$67#").,#"$8"-7D*.,#78"$#".<"),#66)O$Y2TYZ$;
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%'`$ K:())":#7"1

$;,&/&<=&&.>. 15

! %'`$4"">#$67#").,#"$8"-7D*.,#78"$#".<"),#66)O$Y2TYZ$;
! G-1$/,#$8".7//"-/"$H()/#$,>8"#)(**"+2$/,+$3(-8#O

! &7<((-$#".<"),#66)3")1:47--"+$tc A$B2BVB$.; ,X8X3XJ"H"87+8$3,+$
BSV$*.W1$#(3 %'`$,:4#")8)(+/$

! c".<"),#66)3")1:47--"+$ ,83 1#(>1#),-7+8$'"-*H"8$



!"#$
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%'`$ K:())":#7"1

$;,&/&<=&&.>. 16

! %'`$4"">#$67#").,#"$8"-7D*.,#78"$#".<"),#66)O$Y2TYZ$;
! G-1$/,#$8".7//"-/"$H()/#$,>8"#)(**"+2$/,+$3(-8#O

! &7<((-$#".<"),#66)3")1:47--"+$tc A$B2BVB$.; ,X8X3XJ"H"87+8$3,+$
BSV$*.W1$#(3 %'`$,:4#")8)(+/$

! c".<"),#66)3")1:47--"+$ ,83 1#(>1#),-7+8$'"-*H"8$

! d,$:())":#7"$47")3(()O$tc A$YC$KYCC$u;



!"#$
%&'()*

!67/78"$;(1.(-(871:4"$q,,)/"+
! Q(-8"+1$/"$R-,+:*$.7117"$@YC\VE$97D+$467/78"$*(1.(-(871:4"$

H,,)/"+O
! &7:4#4"7/1<,),."#")1O

',#")7"O$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$2$H,,)3,+O

/(+*")"$.,#")7"O$

J,)i(+71:4" .,#")7"O$

[#),-7+8O$$$$$$$$$$$$$$$$$$$$$$$$$$5$1#),-7+8$#4,+1$(+J"-,+8)7D*
&(+*")"$"+")87"O

;)(..7+8O$4""-,-$71$3-,*$(>$3)7DH"-$3-,*

! !6JJ-"$:(+1#,+#"O
! ;)7#71:4"$/7:4#4"7/O

! &7:4#4"7/$4""-,-O$

+,*-,.,/(&?<%,@)).<9 17

 ! 0,25 waterstof atoom/m3 plus 2,25.10" 27 kg/m3 donkere materie

  
! m0 = 0,308±0,012

  
! dm0 = 0,2594

  
! b0 = 0,0486

  
! r 0 = 9,15.10" 5

 
! " 0 = 0,692±0,012

H0 = 67,8±0,9 km/s.Mpc*

  
! c0 = 8,63.10" 27  kg/m3

v$!6JJ-"$."#7+8"+$7+$YC\SO$$! C P$T\2]$s$Y2^$= B2C$
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[(()#$&(+*")"$.,#")7"
! ;(1.(-(871:4$.(/"-$8,,#$67#$3,+$/(+*")"$.,#")7"$@&'EX$
! Q(-8"+1$R-,+:*$.7117"O$:7):,$V$.,,-$9($3""-$&'$/,+$`'

! q,#$9(6$/"$/(+*")"$.,#")7"$*6++"+$97D+j
! &(+*")"$.,11,$71$#(:4$ J,)i(+71:4 O$'G%!0m1 @',1173"$%(.<,:#$

!,-($ 0JD":#1E$9(,-1$J)67+"$/H")8"+2$9H,)#"$8,#"+$3,+$1#"--,7)"$
(.3,+8X$G+,-i1"1O$*,+$.,F7.,,-$\]$w$3,+$/"$&'$3,+$'"-*H"8$
3")*-,)"+

! !&'$@!(#$&,)*$',##")EO$/""-#D"1$."#$)"-,#7371#71:4"$1+"-4"/"+5$
9H,)"$+"6#)7+(m1X$',,)O$!&'$9,-$(+3(-/("+/"$3")/7:4#"+$/(( )$
9H,,)#"*),:4#X$&,+O$3().7+8$3,+$1#"))"+1#"-1"-1$(+3")*-,,)J,,)

! %&'$@%(-/ &,)*$',##")E O$4i<(#4"#71:4"$/""-#D"12$9(,-1$q_'R[$
@q",*-i _+#"),:#7+8',1173"$ R,)#7:-"12$,--""+$7+#"),:#7"$."#$
8),37#,#7"$+7"#$"-"*#)(.,8+"#71:4$(>$1#")*W9H,*E$(>$GF7(+1

! %(+:-617"O$q"$4"JJ"+$H,,)1:47D+-7D*$#"$.,*"+$."#$%&'

$;,&/&<=&&.>. 19
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d,#66)*),:4#"+

+,*-,.,/(& 2:

! [#")*"$*")+*),:4#
! ',,*#$,#((.*")+"+$1#,J7"-$"+$71$3"),+#H(()/"-7D*$3( ()$*")+>617"

! [#")*1#"$*),:4#O$8)((##"$\

! f-"*#)(.,8+"#71:4"$*),:4#
! Q"),+#H(()/"-7D*$3(()$"-"*#)(.,8+"#71:4"$1#),-7+8$@>(#(+"+2$-7:4#$"#:XE

! ',,*#$.(-":6-"+2$J"1#,,+/"$67#$,#(."+2$.(8"-7D*
! 0<$""+$+,$1#")*1#"$*),:4#O$8)((##"$\W\BT

! kH,**"$*")+*),:4#
! Q"),+#H(()/"-7D*$3(()$),/7(,:#7">$3")3,-

! 8)((##"O$\CK̂ $

! kH,,)#"*),:4#
! Q"),+#H(()/"-7D*$3(()$4"#$(+#1#,,+$3,+$1#"))"+2$1#"))"+1#"-1"-12$"#:X
! !""-$")8$*-"7+O$8)((##"$\CKBZ

!7")3,+$71$9H,,)#"*),:4#$4"#$1-":4#1#$J"8)"<"+X$x6,+#6..":4,+7:, "+$
f7+1#"7+m19H,,)#"*),:4##4"()7"$*-(<<"+$(+/")-7+8$+7"#X$f"+$+7"6H"$
#4"()7"O$Ix6,+#6.$ ?),37#iN<)(J"")#$/7#$(<$#"$-(11"+



!"#$
%&'()*

&(+*")"$"+")87"
! Ix6,+#6.$ ?),37#iN$<)(J"")#$/"$Gbc$"+$x'$ @g6,+#6. K

.":4,+7:,E ."#$"-*,,)$7+$(3")""+1#"..7+8$#"$J)"+8"+
! Ix6,+#6.$ ?),37#iN$#4"()7"/("#$3(()1<"--7+8$3,+$

"+")87"/7:4#4"7/$3,+$/(+*")" "+")87"$

! Ix6,+#6.$ 8),37#iN$3(()1<"-#O
! p7#$R-,+:*$."#7+8"+$3(-8#$/(+*")"$"+")87"/7:4#4"7/O

! Ix6,+#6.$ ?),37#iN$71$/61$@+(8E$""+$>,:#()$\C\YC >(6#$
! G-1Ix6,+#6.$ ?),37#iN$D671#$9(6$97D+2$/,+$71$

4""-,-"F<,+17"$/").,#"$1+"-2$/,#$+((7#$1#"))"+$"+$
1#"))"+1#"-1"-1$*(+/"+$(+#1#,,+

+,*-,.,/(& 20

  
uvac ! 10111 J/m3

  
uvac = ! " c2 = 5,4#10$10  J/m3
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!67/78"$*(1.(-(871:4"$.(/"-

! &"$8)(#"$."")/")4"7/$3,+$,1#)(+(."+$"+$
*(1.(-(8"+$8,,+$67#$3,+$4"#$J"1#,,+$3,+O

! I`78$`,+8N$(>H"-$0")*+,-
! ;(6/"$&(+*")"$',#")7"2$ %&' 2$(.$(X,X$/i+,.7:,$"+$

(+#1#,,+$3,+$1#"))"+1#"-1"-1$#"$*6++"+$3")*-,)"+

! &(+*")"$"+")87"2$8"*"+.")*#$/(()$*(1.(-(871:4"$
:(+1#,+#"$y 2$(.$3")1+"-/"$67#/7D7+8$3,+$4""-,-$#"$
3")*-,)"+

! '"+$1<)""*#$3,+O$y%&'$(")*+,-.(/"-

! &7#$71$4"#O$[#,+/,,)/$;(1.(-(87".(/"-

+,*-,.,/(& 21
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[:4,##7+8$!""-,--"">#7D/
! f"+3(6/781#"$,,++,."O$"F<,+17"1+"-4"7/$71$:(+1#,+#

! `-7D*#$""+$-""8$4""-,-$#"$J"#)">>"+$@8""+$1#),-7+82$8""+$.,#")7"$"+$
8""+$/(+*")"$"+")87"E$

! &,+$3(-8#$3(()$4""-,--"">#7D/O

! Q")J-6>>"+/$/7:4#$J7D$/"$#4,+1$J"*"+/"$H,,)/"O$\B2ZC$?D

! &"9"$#7D/$+(".#$."+$((*$/"$ !6JJ-"$#7D/O

+,*-,.,/(& 22

 a = Ct

  
t0 =

1
H0

=
1

67,7
 s.Mpc/km =14,4 Gj

  
tH =

1
H0

=14,4 Gj



!"#$
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!""-,--"">#7D/$3(-8"+1$R-,+:*

! '"#$/"$R-,+:*$/,#,$71$""+$8("/"$1:4,##7+8$#"$.,*"+$3,+$
/"$4""-,--"">#7D/O

#C P$\B2T]]$U C2CBZ$?D

! !""-,--"">#7D/$71$(3")78"+1$1#")*$,>4,+*"-7D*$3,+$/"$
1,."+1#"--7+8$3,+$4"#$4""-,-

! _+/7"+$4""-,-$,--""+$1#),-7+8$9(6$J"3,##"+$@9(,-1$."+$9(6$3")H,:4#"+$
,X8X3X,++747-,#7"$3,+$.,#")7"$."#$,+#7.,#")7"E$

#C P$T2Y\$?D
! _+/7"+$4""-,-$,--""+$8"36-/$9(6$97D+$."#$.,#")7"$@9(,-1$4"#$-7D*#$#"$

97D+$."#$/"$d"H#(+7,,+1"$,>-"7/7+8$3,+$a)7"/.,++ E$/,+$71$4""-,--"">#7D/O

#C P$]2S\$?D
! !""-,-$."#$,--""+$/(+*")"$"+")87"$ @I/"$[7##")N$4""-,-EO

?""+$IJ78$J,+8NO$4""-,--"">#7D/$(+"7+/78$8)((#
+,*-,.,/(& 23
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!""-,-8)((##"$,-1$>6+:#7"$3,+$#7D/

+,*-,.,/(& 24
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!""-,-$"F<,+17"
! Q(--"$-7D+$8"">#$"F<,+17"$3,+$467/78"$@3-,**"E$4""-,-

+,*-,.,/(& 25
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b((/3")1:46737+8
! b((/3")1:46737+8$9 71$4"#$3")1:47D+1"-$/,#$/"$8(->-"+8#"$3,+$1#),-7+8$

8)(#")$H()/#$+,/,#$/"$1#),-7+8$71$67#8"9(+/"+O$

! f)$97D+$B$1(()#"+$)((/3")1:46737+8
! [+"-4"7/1)((/3")1:46737+8$@&(<<-")$">>":#EO$3")H7D/")"+/"$

1#),-7+81J)(++"+$3")#(+"+$)((/3")1:46737+8

! ?),37#,#7(+"-"$)((/3")1:46737+8O$1#),-7+8$/7"$97:4$3,+$""+$.,11,$
3")H7D/")#$3")#((+#$((*$)((/3")1:46737+8

! ;(1.(-(871:4"$)((/3")1:46737+8 O$&(()$/"$67#/7D7+8$3,+$4"#$4""-,-$+"".#$
/"$8(->-"+8#"$7+$/"9"->/"$.,#"$#("$,-1$/"$67#/7D7+8

! !7")$,--""+$*(1.(-(871:4"$)((/3")1:46737+8$3,+$J"-,+8
+,*-,.,/(& 26

  

z =
! o " ! e

! e

=
#!
! e

z = roodverschuiving

! e = golflengte bij emissie van de straling

! o = golflengte zoals waargenomen

#! = toename van de golflengte
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%&'()*

b((/3")1:46737+8$"+$1:4,,->,:#()
! p7#$/"$/">7+7#7"$3,+$)((/3")1:46737+8$"+$4"#$>"7#$/,#$/"$

8(->-"+8#"$#("+"".#$."#$/"$67#/7D7+8$3,+$4"#$4""-,-$
3(-8#$""+$""+3(6/78$3")J,+/$#611"+$1:4,,->,:#()$"+$
)((/3")1:46737+8O

! &(()$."#7+8$3,+$)((/3")1:46737+8$3,+$-7:4#$67#$4"#$3"))"$
4""-,-2$67#8"9(+/"+$7+$4"#$3")-"/"+2$71$4"#$/61$.(8"-7D*$
(.$/"$1:4,,->,:#()$(<$/,#$.(."+#$#"$J"<,-"+e

+,*-,.,/(& 27

  
a =

1
z+1



!"#$
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b((/3")1:46737+82$#7D/"+$"+$,>1#,+/"+
! ;(1.(-(8"+$1<)"*"+$3)7DH"-$,-#7D/$(3")$@*(1.(-(871:4"E$

)((/3")1:46737+8$9
! Q(()$,+/")"+$3,,*$(+/67/"-7D*O$,-1$3(()J""-/$""+$

1#"))"+1#"-1"-$H,,)8"+(."+$(<$)((/3")1:46737+8$ 9 P$\
! q"$*7D*"+$7+$4"#$3")-"/"+X$b"-,#7"3"$4""-,-8)((##"$J7D$-7:4#".7117"O$

1:4,,->,:#()$ , 3(-8#$67#$)((/3")1:46737+8$9 P$\$" , P$\W@9s\E$P$C2V

! L"">#7D/$3,+$#("+.,-78"$4""-,-$*,+$."#$a)7"/.,++ 38- J")"*"+/$
H()/"+O$9 P$\$$$" #9P\ P$V2ZT$?D

! c")68*7D*#7D/$71$467/78"$4""-,--"">#7D/$.7+61$-"">#7D/$J7D$H,,)8"+(."+$
)((/3")1:46737+8O$##")68*7D* P #C = #9P\ P\B2ZC$= V2ZT$P$T2]B$?D

! !67/78"$,>1#,+/$@I<)(<")$ /71#,+:" NE$#(#$1#"))"+1#"-1"-$71$8)(#")$/,+$
-7:4#)"71#7D/$1688")"")#$@T2]B$?-DE2$(./,#$4""-,-$3")/")$"F<,+/"")/"X$
'"#$ a)7"/.,++ 3(-8#O$,>1#,+/$$/ #4,+1 P$\\2CT$?-D

! ',,)$,>1#,+/$(<$.(."+#$3,+$-7:4#".7117"$H,1$3""-$*-"7+")2$H" ")$."#$
1:4,,->,:#()O$/ ".7117" P / #4,+1 W@\s9E$P$V2V^$?-D

! q"$*7D*"+$/61$T2]B$?D7+$4"#$3")-"/"+$+,,)$1#"-1"-$(<$\\2CT$?-D
,>1#,+/

+,*-,.,/(& 29



!"#$
%&'()*

!""-,--"">#7D/$"+$#")68*7D*#7D/$,-1$>:#9

+,*-,.,/(& 3:
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!67/78"$"+$,>1#,+/$J7D$".7117"$,-1$>:#9
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!()79(+
! 0JD":#"+$H,,)3,+$4"#$-7:4#$(+1$8"/6)"+/"$4""-,--"">#7D/$

4"">#$*6++"+$J")"7*"+$97D+$H,,)+"".J,,)
! &,#$71$4()79(+,>1#,+/$(>$I<)(<")$ /71#,+:" N$@H")*"-7D*"$

,>1#,+/E$#(#$/"$8)"+1$3,+$4"#$+6$H,,)+"".J,)"$4""-,-

! Q(()$4"#$467/78"$4""-,-O$/ 4 P$^S2B$?-D
! !()79(+$,>1#,+/$^S2B$?-D71$/61$/"$,>1#,+/$/7"$-7:4#$

,>8"-"8/$9(6$4"JJ"+$7+$\B2Z$?D)"*"+7+8$4(6/"+/$."#$
4""-,-"F<,+17"

! d,,).,#"$4"#$4""-,-$(6/")$H()/#$+"".#$/"$4()79(+$
,>1#,+/$#("

! 0<$/7#$.(."+#$71$4"#$3")1#"$H,,)8"+(."+$1#"))"+1#"-1"-O$
?d K9\\O$9 P$\\2\2$##")68*7D*P$\B2^$?D"+$,>1#,+/$BY2Y$?-D

! !7")67#$J-7D*#$^CC$'D +,$J78$J,+8$H,)"+$")$,-$1#"))"+$"+$
1#"))"+1#"-1"-1

+,*-,.,/(& 31
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I`78$`,+8N$d6:-"(1i+#4"1" @``dE

! !7").""$J"/("-#$."+$/"$3().7+8$3,+$.,#")7"$

! &"$"")1#"$B$.7+6#"+$+,$IJ78$J,+8N$H,)"+$J"<,-"+/$3(()$
/"$.,#")7"$7+$4"#$4""-,-

! _+$/7"$<")7(/"$H,1$")$1<),*"$3,+$""+$/(()$1#),-7+8$
8"/(.7+"")/$4""-,-

! !67/78"$H,,)+".7+8"+$8"3"+$3(()$4"#$ (")4""-,- O$$
ATS$w$!$"+$AY^$w$!"2$<-61$""+$J""#D"$L7$$$$

+,*-,.,/(&?<%,@)).<9 32
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Q().7+8$3,+$H,#")1#(>$"+$4"-76.
! &""-#D"1>i17:7$97D+$7+$1#,,#$(.$/7#$<)(:"1$8"/"#,7--"")/$#"$17.6-")"+2$

)"*"+7+8$4(6/"+/$."#$.(8"-7D*"$)",:#7"12$)",:#7"1+"-4"/" +$"+$
#".<"),#66)$,-1$>6+:#7"$3,+$/"$#7D/O

+,*-,.,/(& 33



!"#$
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``d$17.6-,#7" K)"16-#,,#
! &"$.,11,>),:#7"$3,+$8"3()./"$/""-#D"1$,-1$>6+:#7"$3,+$#".<" ),#66)$"+$

#7D/

! !7")67#$J-7D*#$/,#$+,$#A$\V$.7+6#"+$"+9 A$\^C$.7-D("+$``d$"7+/78#$"+$
4"#$4""-,-$A$TSw$H,#")1#(>$"+$A$Y^$w$4"-76.$J"3,#

! &7#$*(.#$8("/$(3")""+$."#$H,,)+".7+8"+

+,*-,.,/(& 34

!67/78"$
*(1.(-(871:4"

�• %&'$.(/"-$J-7D*J,,)
/7:4#$J7D$H,,)4"7/$$
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d,$``dO$b":(.J7+,#7"$"+$(+#*(<<"-7+8
! d,$``d$97D+$J"-,+8)7D*"$8"J"6)#"+711"+O

! b":(.J7+,#7" @3")*"")/"$#").O$7+$>"7#"$3(()$/"$"")1#"$*"")$

:(.J7+,#7"E O

IG#((.*")+"+$J7+/"+$."#$"-"*#)(+"+$"+$3()."+$,#(."+N
!""-,-$."#$8"z(+71"")/$<-,1.,$H()/#$4""-,-$."#$8,1$3,+$

+"6#),-"$,#(."+

! 0+#*(<<"-7+8O
Ia(#(+"+$J(#1"+$+7"#$."")$."#$.,#")7"$@"-"*#)(+"+EN

a(#(+"+$*6++"+$(+8"47+/")/$J"H"8"+O$4"#$4""-,-$H()/#$
#),+1<,),+#

&"9"$>(#(+"+$3()."+$/61$*(1.(-(871:4"$,:4#")8)(+/$
1#),-7+8$@%'`E

+,*-,.,/(& 35
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b":(.J7+,#7"$"+$0+#*(<<"-7+8
! b":(.J7+,#7"$8"J"6)#$#611"+O$9 A$\SCC$= \CCC$"+$

4""-,--"">#7D/$#A$\]VXCCC$= ^CCXCCC$D,,)
! a()."-"$ )":(.J7+,#7" O$4"->#$,#((.*")+"+$+(8$+7"#$

8"J(+/"+$,,+$"-"*#)(+"+$J7DO$9 A$\BTC2$#A$YVYXCCC$D,,)$
"+ c A$BT^C;

! 0+#*(<<"-7+8O$.(."+#$/,#$")$9($H"7+78$3)7D"$"-"*#)(+"+$
97D+$/,#$>(#(+"+$+7"#$."")$."#$"-"*#)(+"+$J(#1"+

! &,+$(+#1#,,#$%'` 2$*(1.71:4"$,:4#")8)(+/1#),-7+8

! ?"J"6)#$J7DO9 A$\C]C2$$#A$BTYXCCC$D,,)$"+ c A$Y]TS$;

+,*-,.,/(& 36
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[#)6:#66)3().7+8
! %'`$3")#((+#$*-"7+"$#".<"),#66)3,)7,#7"1O

! &,,)67#$3(-8#$/,#$/7:4#4"7/13,)7,#7"1$(<$/,#$.(."+#$@#P$
BTYXCCC$D,,)EO$
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