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Why is this important?

Lecture Four: 

The Cosmic Distance Scale

Sparke & Gallagher, chapter 2

20th April 2016 

http://www.astro.ucla.edu/~wright/distance.htm

https://www.astro.rug.nl/~etolstoy/pog16/

Knowing the distances to galaxies is 
fundamental for a lot of problems.

or	

understanding the large scale structure in the Universe, and 
whether the Universe has always expanded at the same 
rate.

e.g., are two galaxies going to 
interact? or are they just 
conicidental on the sky?

or	

simply determining absolute luminosities

Distance Scales The Cosmological Distance Ladder: starts with distances to 
the nearest stars, ends with distances to the furthest 

galaxies

1-100pc
<100kpc

<3Mpc
<3000Mpc
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Two main groups of distance measures

those in which distances can be determined quite directly

ABSOLUTE METHODS

typically involve geometrical measurements

RELATIVE METHODS

they refer to a standard candle or standard ruler

mostly work for nearby sources (within MW)

apply to larger distances



Distance indicators
Absolute vs. relative distance measures

Absolute methods: those that can determine a precise distance (usually through 
geometrical means or timing) generally only work nearby!	

Relative methods: those that refer to a standard candle or standard ruler — e.g., 
comparing stars with similar brightnesses or galaxies with similar sizes, which work out 
to very large distances!

ZELDOVICH

Distance Indicators

Mostly 
“primary”: 
first rung

Mostly 
“secondary or 

tertiary”: 
higher rungs

pc

Pathways to Extra-galactic Distances

Jacoby et al. 1992 PASP, 104, 599



Typical scales for distance indicators
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Distances within the MW
Primary Methods



Stellar Parallax

Direct distance measures
(PRIMARY)

you

How to use perspective effectively…

distance?

θ

x?
infer from understanding of 

physical process

x

distance
= tan θ

Distances within the Milky Way

(PRIMARY)

Stellar Parallax

There are ~25 stars within 3.5pc of us.

Determining Distances

In1838 using a heliometer Bessel measured the 
first parallax of a star, 61 Cygni, of 0.314 
arcseconds, indicating that the star is 10.3 ly 
away (current measurement 11.4 ly).

Friedrich Wilhelm Bessel 
(1784-1846)

Parallax: apparent motion of distant stars caused by orbital motion of earth

E1 E2Sun
1 AU

d

ϖ

As the Earth orbits the Sun, our viewing 
position changes, and closer stars appear to 
move relative to more distant objects. In the 
course of a year, a nearby star traces out an 
elliptical path against the background of 
distant stars. The angle ϖ on the sky is the 
parallax.

r

d
= tan� � � rad

r (=1 AU) is the radius of the Earth’s orbit, we find

currently limited to ~100 pc for bright stars

��� = 206265� rad

ϖ is clearly small; so converting to seconds of arc,

d =
206265

��� AUdefining 1 AU 

1 parsec is the distance at which a star would have a parallax of 1″:

1 rad =1pc = 206265 AU = 3.086 x 1013 km = 3.26 light years

The distance to a star with observed parallax ϖ″ is then

d =
1

��� pc

One astronomical unit (1 AU) is the Earth’s mean distance from the Sun, about 150 million kilometers or 8.3 light-minutes

Proxima Centauri, the nearest star, has ϖ = 0.8′′, so its distance is 1.3 pc or 4.3 light-years.

ϖ  
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Measuring stars apparent motion (parallax)

The parallax is the apparent motion of stars produced by the orbital motion of the Earth
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Astronomical Unit (AU)
=

mean distance between Sun and Earth
(150 million km or 8.3 light minutes)

Direct distance measures
(PRIMARY)

you

How to use perspective effectively…

distance?

θ

x?
infer from understanding of 

physical process

x

distance
= tan θ

Distances within the Milky Way

(PRIMARY)

Stellar Parallax

There are ~25 stars within 3.5pc of us.

Determining Distances

In1838 using a heliometer Bessel measured the 
first parallax of a star, 61 Cygni, of 0.314 
arcseconds, indicating that the star is 10.3 ly 
away (current measurement 11.4 ly).

Friedrich Wilhelm Bessel 
(1784-1846)

Parallax: apparent motion of distant stars caused by orbital motion of earth

E1 E2Sun
1 AU

d

ϖ

As the Earth orbits the Sun, our viewing 
position changes, and closer stars appear to 
move relative to more distant objects. In the 
course of a year, a nearby star traces out an 
elliptical path against the background of 
distant stars. The angle ϖ on the sky is the 
parallax.

r

d
= tan� � � rad

r (=1 AU) is the radius of the Earth’s orbit, we find

currently limited to ~100 pc for bright stars

��� = 206265� rad

ϖ is clearly small; so converting to seconds of arc,

d =
206265

��� AUdefining 1 AU 

1 parsec is the distance at which a star would have a parallax of 1″:

1 rad =1pc = 206265 AU = 3.086 x 1013 km = 3.26 light years

The distance to a star with observed parallax ϖ″ is then

d =
1

��� pc

One astronomical unit (1 AU) is the Earth’s mean distance from the Sun, about 150 million kilometers or 8.3 light-minutes

Proxima Centauri, the nearest star, has ϖ = 0.8′′, so its distance is 1.3 pc or 4.3 light-years.

ϖ  

Direct distance measures
(PRIMARY)

you

How to use perspective effectively…

distance?

θ

x?
infer from understanding of 

physical process

x

distance
= tan θ

Distances within the Milky Way

(PRIMARY)

Stellar Parallax

There are ~25 stars within 3.5pc of us.

Determining Distances

In1838 using a heliometer Bessel measured the 
first parallax of a star, 61 Cygni, of 0.314 
arcseconds, indicating that the star is 10.3 ly 
away (current measurement 11.4 ly).

Friedrich Wilhelm Bessel 
(1784-1846)

Parallax: apparent motion of distant stars caused by orbital motion of earth

E1 E2Sun
1 AU

d

ϖ

As the Earth orbits the Sun, our viewing 
position changes, and closer stars appear to 
move relative to more distant objects. In the 
course of a year, a nearby star traces out an 
elliptical path against the background of 
distant stars. The angle ϖ on the sky is the 
parallax.

r

d
= tan� � � rad

r (=1 AU) is the radius of the Earth’s orbit, we find

currently limited to ~100 pc for bright stars

��� = 206265� rad

ϖ is clearly small; so converting to seconds of arc,

d =
206265

��� AUdefining 1 AU 

1 parsec is the distance at which a star would have a parallax of 1″:

1 rad =1pc = 206265 AU = 3.086 x 1013 km = 3.26 light years

The distance to a star with observed parallax ϖ″ is then

d =
1

��� pc

One astronomical unit (1 AU) is the Earth’s mean distance from the Sun, about 150 million kilometers or 8.3 light-minutes

Proxima Centauri, the nearest star, has ϖ = 0.8′′, so its distance is 1.3 pc or 4.3 light-years.

ϖ  

Direct distance measures
(PRIMARY)

you

How to use perspective effectively…

distance?

θ

x?
infer from understanding of 

physical process

x

distance
= tan θ

Distances within the Milky Way

(PRIMARY)

Stellar Parallax

There are ~25 stars within 3.5pc of us.

Determining Distances

In1838 using a heliometer Bessel measured the 
first parallax of a star, 61 Cygni, of 0.314 
arcseconds, indicating that the star is 10.3 ly 
away (current measurement 11.4 ly).

Friedrich Wilhelm Bessel 
(1784-1846)

Parallax: apparent motion of distant stars caused by orbital motion of earth

E1 E2Sun
1 AU

d

ϖ

As the Earth orbits the Sun, our viewing 
position changes, and closer stars appear to 
move relative to more distant objects. In the 
course of a year, a nearby star traces out an 
elliptical path against the background of 
distant stars. The angle ϖ on the sky is the 
parallax.

r

d
= tan� � � rad

r (=1 AU) is the radius of the Earth’s orbit, we find

currently limited to ~100 pc for bright stars

��� = 206265� rad

ϖ is clearly small; so converting to seconds of arc,

d =
206265

��� AUdefining 1 AU 

1 parsec is the distance at which a star would have a parallax of 1″:

1 rad =1pc = 206265 AU = 3.086 x 1013 km = 3.26 light years

The distance to a star with observed parallax ϖ″ is then

d =
1

��� pc

One astronomical unit (1 AU) is the Earth’s mean distance from the Sun, about 150 million kilometers or 8.3 light-minutes

Proxima Centauri, the nearest star, has ϖ = 0.8′′, so its distance is 1.3 pc or 4.3 light-years.

ϖ  

small 180 O ___π rad
1’’ = (1/3600)

O ___x rad

x=π  / (180x3600)



Secular parallax

Distances within the Galaxy

Trigonometric Parallax:          The Future "Gaia" 

European Mission: 
2013-2020 
Radial velocities and 
proper motions for 
~109 stars (about 1% 
of the Galaxy) 
Reach V~20 (c.f. 
V~12 limit of 
Hipparcos) with 
precision ~2 x 10-4"

Moving clusters: when stars are in a stable star cluster whose physical size is not 
changing, like the Pleiades then the apparent motions of the stars within the cluster can 
be used to determine the distance to the cluster.  All stars move towards convergent 
point - perspective effect.

The transverse velocity, VT, (sideways motion) of the cluster can be found using                 
VT/VR = tan(ϴ). 	
The distance of the cluster is then D = VT / (d(ϴ)/dt)	
!
D[in pc] = (VR/4.74) [km/sec] * tan(ϴ) / (d(ϴ)/dt) [in "/yr]	
!
The odd constant 4.74 km/sec is one au/year. Because a time interval of 100 years can be 
used to measure d(ϴ)/dt, precise distances to nearby star clusters are possible. This 
method has been applied to the Hyades cluster giving a distance of 45.53 +/- 2.64 pc

Secular parallax: Instead of using the Earth’s motion around the Sun, use the Sun’s 
motion relative to nearby stars: v⊙≈20 km/s, so the Sun moves about 4 AU/year, which 
is twice as large a distance as the Earth moves in six months! and can use long time 
baselines to get very long distance baselines.

Problem: the other stars move too!

The mean proper motion of the stars, dθ/dt, will have a mean component proportional 
to sin θ, if the slope of this line is, μ, then the distance D is

Thus, the position of any one star changes on the celestial sphere both because of the Sun's motion and because of 
the motion of the star and we can't disentangle the two without further information

D[in pc] = 4.16/(μ [in "/yr])
4.16 is the Solar motion in au/yr

Cosmological Distances

(PRIMARY)



Cosmological Distances
Primary Methods



Gravitational Lensing

➢ the path of light is bent as it passes a gravitating mass (General Relativity)  

➢ this effect can cause an amplification of the light source as well as multiple 
images of the background source  (eg. Q0957+561 and another ~40 systems)

Gravitational Lensing

➢ if the source varies in intrinsic brightness (i.e. flickers), 
then the differing light paths of multiple images leads 
to a time lag in their light curves 

➢ this method can be applied at any distance but 
requires knowledge of the mass distribution in the 
lensing galaxy and difficult/uncertain observations

and so the inner radius of the disk is rin=0.12±0.01 pc; combining this with θin, the distance must be 
d=6.2±0.7 Mpc

The nearby active galaxy NGC 4258 possesses 
an accretion disk containing water masers 
orbiting in a thin disk, nearly on the plane of 
the sky as seen in ultra-high resolution VLBI 
radio imaging
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Maser distance, using Micro-wave Amplification by the Stimulated Emission of Radiation sources, 
highly beamed and coherent (H2O maser at 22 GHz).

After a time span of a few years, accelerations 
were measured with a magnitude of

v̇ = 9.5± 1.1 km s�1 yr�1

By examining the rotation curve of the masers, it 
can be seen that the masers rotate in a thin disk 
with a hole in the center with an inner radius at 
θin=4.1 milliarcsec and a velocity of vin=1080 km/s	

θin

Equating this acceleration with the centripetal acceleration, we see that v̇ = v2
in/rin

and also a black hole mass: 3.9(±0.1)x107 M⊙

The Sunyaev-Zeldovich Method

➢ cosmic microwave background is weak radio emission 
that pervades the sky 

➢ clusters of galaxies contain large amounts of hot ionized 
gas (~106-7 K) 

➢ as CMB photons pass through the cluster, hot gas e- 
scatter the microwave photons in random directions 
(inverse compton scattering) 

➢ result that CMB photons generally increase in energy

Indirect distance measures
(SECONDARY... TERTIARY...)

➢ the path of light is bent as it passes a gravitating mass (General Relativity)  

➢ this effect can cause an amplification of the light source as well as multiple 
images of the background source  (eg. Q0957+561 and another ~40 systems)

Gravitational Lensing

➢ if the source varies in intrinsic brightness (i.e. flickers), 
then the differing light paths of multiple images leads 
to a time lag in their light curves 

➢ this method can be applied at any distance but 
requires knowledge of the mass distribution in the 
lensing galaxy and difficult/uncertain observations

and so the inner radius of the disk is rin=0.12±0.01 pc; combining this with θin, the distance must be 
d=6.2±0.7 Mpc

The nearby active galaxy NGC 4258 possesses 
an accretion disk containing water masers 
orbiting in a thin disk, nearly on the plane of 
the sky as seen in ultra-high resolution VLBI 
radio imaging
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Maser distance, using Micro-wave Amplification by the Stimulated Emission of Radiation sources, 
highly beamed and coherent (H2O maser at 22 GHz).

After a time span of a few years, accelerations 
were measured with a magnitude of

v̇ = 9.5± 1.1 km s�1 yr�1

By examining the rotation curve of the masers, it 
can be seen that the masers rotate in a thin disk 
with a hole in the center with an inner radius at 
θin=4.1 milliarcsec and a velocity of vin=1080 km/s	

θin

Equating this acceleration with the centripetal acceleration, we see that v̇ = v2
in/rin

and also a black hole mass: 3.9(±0.1)x107 M⊙

The Sunyaev-Zeldovich Method

➢ cosmic microwave background is weak radio emission 
that pervades the sky 

➢ clusters of galaxies contain large amounts of hot ionized 
gas (~106-7 K) 

➢ as CMB photons pass through the cluster, hot gas e- 
scatter the microwave photons in random directions 
(inverse compton scattering) 

➢ result that CMB photons generally increase in energy

Indirect distance measures
(SECONDARY... TERTIARY...)
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The Sunyaev-Zeldovich Method

➢ the path of light is bent as it passes a gravitating mass (General Relativity)  

➢ this effect can cause an amplification of the light source as well as multiple 
images of the background source  (eg. Q0957+561 and another ~40 systems)

Gravitational Lensing

➢ if the source varies in intrinsic brightness (i.e. flickers), 
then the differing light paths of multiple images leads 
to a time lag in their light curves 

➢ this method can be applied at any distance but 
requires knowledge of the mass distribution in the 
lensing galaxy and difficult/uncertain observations

and so the inner radius of the disk is rin=0.12±0.01 pc; combining this with θin, the distance must be 
d=6.2±0.7 Mpc

The nearby active galaxy NGC 4258 possesses 
an accretion disk containing water masers 
orbiting in a thin disk, nearly on the plane of 
the sky as seen in ultra-high resolution VLBI 
radio imaging

© 1999 Macmillan Magazines Ltd!"#$%& ' ()* +,, ' - "$.$/# 0111 ' 22234567893:;< !"#

$%&&%'( &) *+&,'%

-.%)/%&'01 20(&+*1% &) &3%
.+$+456789:!; <')/)'=0&+$
/)&0)*( 0*+*,1$%+'.+(20(>
!" #" $%&&'()%*'=>+ !" ," ,-&.'>+ /" !" 0&%%'1*22>+
3" !" 4*.5-'6=?+ ," 7'-8%@+ 9" 9.:.*@+ ," ,*;-(1*!+
<" $%':%2A = >" #*%((B

=!"#$%&"' (")$% *+#,%&%-./0+1,2"#%,.3 4/5%6/3 7%8%,,%3 !19:16$8% ;<;=>3
?7*
>@",2",)A7-$#B+%&$"& C1&#1, D%, *+#,%EB.+$8+3 :"$' 7#%E FG3 H= I",)1& 7#,11#3
C"-0,$)J13 :"++"8BK+1##+ =G>L;3 ?7*
?:1,'$& "&) MN5O !"#$%&"' P"8$'$#.3 Q%),1'' 5"&R3 :"88'1+S1')3
CB1+B$,1 7T>> UVN3 ?T
@!%01."-" (")$% /0+1,2"#%,.3 !"#$%&"' *+#,%&%-$8"' /0+1,2"#%,.3
:$&"-$-"R$3 :$&"-$+"RK3 !"J"&% L;FA>L3 Q"E"&
!MW(* 4,%X18# /DS813 !"#$%&"' *+#,%&%-$8"' /0+1,2"#%,.3 :$#"R"3 Y%R.%3
>;>A;Z;;3 Q"E"&
A:"6 4'"&8R O&+#$#K# DK[, (")$%"+#,%&%-$13 *KD )1- @KJ1' HU3 VAZL>G>3 5%&&3
I1,-"&.
BV1E",#-1&# %D *+#,%&%-.3 ?&$21,+$#. %D C"'$D%,&$" "# 51,R1'1.3 51,R1'1.3
C"'$D%,&$" UF<G=3 ?7*

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \

!"# $%%&'$(# )#$*&'#)#+( ,- #.('$/$0$%(1% 21*($+%#* 1* $ %#+('$0
%"$00#+/# ,- ),2#'+ $*(',+,)34 5#1+/ '#6&1'#2 -,' $+3 '#$01*(1%
2#*%'17(1,+ ,- ("# $/#4 /#,)#('3 $+2 -$(# ,- ("# 8+19#'*#: !"#
)#$*&'#)#+( ,- '#0$(19# #.('$/$0$%(1% 21*($+%#* "$* 5#%,)# -$1'03

',&(1+#4 5&( #*(1)$(#* ,- $5*,0&(# 21*($+%#* $'# '$'#;: <+ ("#
91%1+1(3 ,- ("# =&+4 21'#%( /#,)#('1% (#%"+16&#* -,' ,5($1+1+/
$5*,0&(# 21*($+%#*4 *&%" $* ,'51($0 7$'$00$.4 $'# -#$*150#4 5&( *&%"
(#%"+16&#* "$9# "1("#'(, 5##+ 21->%&0( (, $7703 (, ,("#' /$0$.1#*:
?* $ '#*&0(4 &+%#'($1+(1#* 1+ ("# #.7$+*1,+ '$(# $+2 $/# ,- ("#
8+19#'*# $'# 2,)1+$(#2 53 &+%#'($1+(1#* 1+ ("# $5*,0&(# %$015'$@
(1,+ ,- ("# #.('$/$0$%(1% 21*($+%# 0$22#'A: B#'# C# '#7,'( $
/#,)#('1% 21*($+%# (, ("# /$0$.3 DEFGAHI4 C"1%" C# 1+-#' -',)
("# 21'#%( )#$*&'#)#+( ,- ,'51($0 ),(1,+* 1+ $ 21*J ,- /$*
*&'',&+21+/ ("# +&%0#&* ,- ("1* /$0$.3: !"# 21*($+%# *, 2#(#'@
)1+#2KL!A ! M!N O7%K1* ("# ),*( 7'#%1*# $5*,0&(# #.('$/$0$%@
(1% 21*($+%# 3#( )#$*&'#24 $+2 1* 01J#03 (, 70$3 $+ 1)7,'($+( ',0# 1+
-&(&'# 21*($+%#@*%$0# %$015'$(1,+*:
!.C+D-E FG ;49 ;H DD 4958IJ 5:6FK9 L5M5:6F: 47:M9F N".!O P4;24

6; Q;GG9GG 47:M958 25698 <5G98G N6R9 <F:8;25K9 9S7FK5M946 ;H
M5G98GO3 #R9 94;8<;7G G78H5:9 I8FLR649GG9G N " 0,0D TOU 89M56FK9MJ
G<5MM GFV9G N # 0,0+ :<O 54W 4588;2 MF492FW6RG N5 H92 P< G!0O ;H
6R9G9 <5G98G <5P9 6R9< FW95M Q8;I9G ;H 6R9 G687:6789 54W WJ45<F:G
;H 6R9 <;M9:7M58 L5G F4 2RF:R 6R9J 89GFW793 (98JXM;4LXI5G9MF49
F4698H98;<968J N(*YZO ;IG98K56F;4G ;H 6R9 !.C+D-E <5G98 R5K9
Q8;KFW9W 6R9 [8G6 WF89:6 F<5L9G ;H 54 ".! 5::896F;4 WFGPU 89K95MF4L
5 6RF4U G7IQ58G9:XG:5M9U WFHH98946F5MMJ 8;656F4L 258Q9W WFGP F4 6R9
47:M97G ;H 6RFG 89M56FK9MJ 295P /9JH986 D ".!\]^3 #2; WFG6F4:6
Q;Q7M56F;4G ;H <5G98G 9_FG6 F4 !.C+D-E3 #R9 [8G6 589 6R9 RFLRX
K9M;:F6J <5G98G3 #R9G9 <5G98G 5<QMFHJ 6R9F8 ;24 GQ;46549;7G
9<FGGF;4 54W 589 ;HHG96 !0U,,, P< G!0 54W +3`]E3,<5G N,30^]
,3DE Q: H;8 5 WFG654:9 ;H `3DaQ:O ;4 9F6R98 GFW9 ;H 6R9 WFGP :946893
#R9 P9QM98F54 8;656F;4 :78K9 685:9W IJ 6R9G9 <5G98G 89S7F89G 5
:94685M IF4WF4L<5GG N:OU Q89G7<5IMJ F4 6R9 H;8< ;H 5 G7Q98<5GGFK9
IM5:P R;M9U ;H !\!1! ,!0"$ 0,`!V"`!DaQ:"!GF4 $G"GF4 ED"

% D

?*@8&% A !"# $%&'()* +,-#. /,0#.1 !"# 233#. 3,4#5 0"6+0 -"# 7#0-89--:4;

+,.3#<8<:0= /6<#5 023#.360#< 64 ,>-2,5 /,0#. 360:-:640 ,0 /#,02.#< 7? -"#

@ABC 6D -"# $ECFG +:-" -63 ,0 $6.-"1 !"# 955#< 0H2,.# /,.=0 -"# >#4-.# 6D -"#

<:0=G ,0 <#-#./:4#< D.6/ , ;567,5 <:0=89--:4; ,4,5?0:0*1 !"# 955#< -.:,4;5#0 0"6+

-"# 360:-:640 6D -"# ":;"8I#56>:-? /,0#.0G 06 >,55#< 7#>,20# -"#? 6>>2. ,-

D.#H2#4>:#0 >6..#0364<:4; -6 J6335#. 0":D-0 6D !!KGLLL =/0!K +:-" .#03#>- -6

-"# ;,5,M? 0?0-#/:> I#56>:-? 6D !'NL =/0!K1 !":0 :0 ,33,.#4- :4 -"# @ABC -6-,5

36+#. 03#>-.2/ O56+#. 3,4#5P1 !"# :40#- 0"6+0 5:4#86D80:;"- OAFQP I#56>:-? I#.020

:/3,>- 3,.,/#-#. D6. -"# 7#0-89--:4; =#35#.:,4 <:0=G +:-" -"# /,0#. <,-, 023#.8

360#<1 !"# ":;"8I#56>:-? /,0#.0 -.,># , =#35#.:,4 >2.I# -6 7#--#. -",4 KR1

S64:-6.:4; 6D -"#0# D#,-2.#0 :4<:>,-#0 -",- -"#? <.:D- 7? 5#00 -",4 !K =/0!K ?.!K

O.#D0 K'TKUP ,4< .#H2:.#0 -",- -"#? 5:# +:-":4 )TKL! 6D -"#/:<5:4#G -"# :4-#.0#>-:64 6D

-"# <:0= +:-" -"# 35,4# 6D -"# 0=?1 !"# AFQ I#56>:-:#0 6D -"# 0?0-#/:> /,0#.0 ,.#

>#4-.#< ,762- -"# 0?0-#/:> I#56>:-? 6D -"# ;,5,M?1 !"# 360:-:640 O955#< >:.>5#0 :4

233#. 3,4#5P ,4< AFQ I#56>:-:#0 6D -"#0# /,0#.0 :/35? -",- -"#? 027-#4< !*! 6D
<:0= ,V:/2-" >#4-.#< ,762- -"# AFQ -6 -"# >#4-.,5 /,00G ,4< -"# 670#.I#<

,>>#5#.,-:64 O*TKL =/0!K ?.!KP 6D -"#0# D#,-2.#0K'GK) 24,/7:;26205? 35,>#0 -"#/

,564; -"# 4#,. #<;# 6D -"# <:0=1 !"# ,33.6M:/,-#5? 5:4#,. .#5,-:640":3 7#-+##4

0?0-#/:>/,0#. :/3,>- 3,.,/#-#. ,4< AFQ I#56>:-? <#/640-.,-#0 -",- -"# <:0= :0

I#.? -":4KN O,03#>- .,-:6 # L1(RP ,4< -",- -"#0# /,0#.0 ,.# >6494#< -6 , 4,..6+

,442520 :4 -"# <:0=1 !"# /,;4:-2<# 6D -"# I#56>:-? ;.,<:#4- O!0P :/35:#0 , /#,4

0?0-#/:> .,<:20G !!0"G 6D W1X/,0 +":>"G -6;#-"#. +:-" -"# 360:-:640 6D -"# ":;"8

I#56>:-?/,0#.0G >640-.,:40 -"# <:0= :4>5:4,-:64G "0G -6 7#!*(! K! OXL! D6. #<;#864P1

Y:4,55?G @ABC>64-:422/ :/,;#0NGKW ,.# :4>52<#<,0>64-62.0 :4 -"#233#. 3,4#51 !"#

((8%ZV .,<:6 #/:00:64 -.,>#0 , 02783,.0#>80>,5# [#- #564;,-#< ,564; -"# .6-,-:64

,M:0 6D -"# <:0= ,4< +#558,5:;4#< +:-" , 52/:4620G =:563,.0#>80>,5# [#-K*1

Maser distance, using Micro-wave Amplification by the Stimulated Emission of Radiation sources, 
highly beamed and coherent (H2O maser at 22 GHz).

After a time span of a few years, accelerations 
were measured with a magnitude of

v̇ = 9.5± 1.1 km s�1 yr�1

By examining the rotation curve of the masers, it 
can be seen that the masers rotate in a thin disk 
with a hole in the center with an inner radius at 
θin=4.1 milliarcsec and a velocity of vin=1080 km/s	

θin

Equating this acceleration with the centripetal acceleration, we see that v̇ = v2
in/rin

and also a black hole mass: 3.9(±0.1)x107 M⊙

The Sunyaev-Zeldovich Method

➢ cosmic microwave background is weak radio emission 
that pervades the sky 

➢ clusters of galaxies contain large amounts of hot ionized 
gas (~106-7 K) 

➢ as CMB photons pass through the cluster, hot gas e- 
scatter the microwave photons in random directions 
(inverse compton scattering) 

➢ result that CMB photons generally increase in energy

Indirect distance measures
(SECONDARY... TERTIARY...)

optical depth for
scattering

n_e = electron density
T = electron temperature in the intracluster medium



(Secondary, tertiary)

Relative Methods



General idea
From luminosities to distances Main-sequence fitting

By fitting isochrones to the MSTO, the distance to a cluster can be measured:G. Piotto et al.: Globular cluster HST color-magnitude diagrams 953

Fig. 4. The F555W vs. F439W−F555W (flight system) color magnitude diagrams from the combination of the 4 WFPC2 cameras of 2 clusters
of the database. Note that the magnitude and color ranges covered by each figure are always of the same size (though magnitude and color
intervals start at different values). Heavier dots correspond to stars with an internal total error less than 0.1 mag.

MMSTO

MHB

MTRGB

Main Sequence Fitting:  
➢ given distance to Hyades (from trig parallax), can 

calibrate its main sequence in terms of magnitude and 
colour; compare apparent magnitude of other cluster 
main sequences with Hyades and derive distance 

➢ requires accurate knowledge of extinction, and to a lesser 
extent metallicity of cluster

App 
Mag

colour

Hyades MS, M

Cluster, m
mcluster-MHyades=5logD(pc)-5 + A

extinction!

Variable Stars & The Distance Scale

➢ some stars vary in 
luminosity due to pulsations 
in their interiors 

➢ these stars are found in the 
"instability strip" of the CMD 
(transient phase of their 
evolution) 

➢ Cepheids (young, luminous 
MV~-6, Pop I, P~2-100 
days) 

➢ RR Lyrae (old, faint MV~
+0.6, Pop II, P~1.5-24 hr)

Variable stars are fundamental 
to 

the distance scale as they are 
standard candles!!
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In a variable star (or a supernova), the spectral lines shift as a function of time due to 
the expansion (or contraction) of the atmosphere with some velocity vlos(t), so the 
change in size of the atmosphere is	

where p corrects for the fact that the expansion happens all over the atmosphere, not 
just along the line of sight, and the negative sign comes from fact that the lines are blue-
shifted

�r1 = �p

� t1

t0

vlos(t)dt

L = 4�R2�T 4
e�

Baade–Wesselink method

So if we know the temperature, Teff, (from a spectrum or colours) and the radius R, we 
have a direct distance measurement, as we then know the luminosity of the star.

Recall that the luminosity of a star is                                      and

m0 �m1 = �5[log(r0 + �r1)� log r0]� 10[log Te�,1 � log Te�,0]

Therefore the magnitude change between t0 and t1:

M = �5 logR� 10 log Teff

So if we can measure the change in magnitudes and the effective temperates, we have r0 

and therefore M0.

Distances from time delays: if you can measure the same signal at two different times — 
with a well understood “delay time” — then you can measure a distance, d ~ cΔt.
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Supernova light echo	

A supernova explosion at time t is seen at position A	

At some time later, t0 light from the SN is seen at 
position B, and at an even later time t1 exactly the 
same signal is seen at position C	

this light has been reprocessed by an inclined ring, in 
the case of SN1987A, as seen by HST.

These methods are called indirect distance measures and they fall into two classes:	

Standard candles --- based on objects with known (or calibratable) luminosities	

Dynamical measures --- based on scaling relations like TF and FP

Indirect distance measures
Because direct measurements generally lie well within our own MW, we need other means 
of reaching out to cosmic distances

These methods are called indirect distance measures and they fall into two classes:	

Standard candles --- based on objects with known (or calibratable) luminosities	

Dynamical measures --- based on scaling relations like TF and FP

Indirect distance measures
Because direct measurements generally lie well within our own MW, we need other means 
of reaching out to cosmic distances

i
r
i

Time-delay methods

HST image

tB � tA =
rring
c

(1� sin i)

tC � tA =
rring
c

(1 + sin i)

r sin i

ring of material
SN



Common methods in extragalactic sources
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Standard candles
Standard candles
A standard candle is anything that has a predictable brightness, usually related to changes 
with time, e.g., pulsating stars	

In fact, the entire cosmic distance scale (i.e., beyond the Local Group) is based on one kind 
of pulsating star: the Cepheid variables

Cepheids are pulsating stars which 
“breathe” due to their surface opacities 
and specific heats increasing as they 
compress, due to partial ionization of H 
and He
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Cepheid Variable Stars 

In the beginning of the 20th century, 
Henrietta Swan Leavitt, at Harvard 
Observatory, discovered that the 
Cepheids in the Magellanic Clouds 
pulsated with periods that were directly 
proportional to their average 
luminosities	

Recent period-luminosity relations for 
Cepheids give
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MV = �2.76 log P � 1.46

Cepheids are relatively high mass stars 
with temperatures near ~7000 K (~F 
stars)
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Supernovae as distance estimators

➢ supernovae come in a variety of types: 
!
         Type I (a,b,c)                               Type II              
-  spectra show no H lines             - spectra show H lines 
- same lightcurves            - variety of lightcurves 
- occur Spiral and Ell           -  occur only Spiral 
- progenitors low mass           -  progenitors high mass 
white dwarf in close binary           -  core collapse at end of 
- accretes enough mass  nuclear burning 
from secondary to initiate 
runaway nuclear reaction  
in CO core 

⇒ Type Ia supernovae are particularly interesting because 
they appear to have same MB(max)=-19.3±0.03 and the 
same time evolution thereafter

For type Ia supernovae, this method 
allows us to estimate that their peak 
brightness is ⟨MB⟩≈⟨MV⟩≈-19.3±0.03	

But it has been determined that 
not all SNe Ia have this peak 
brightness!	

However, the width or shape of 
the light curve of the SN is 
correlated with the peak 
brightness, allowing for a 
correction

Type Ia supernovae can be used as distance indicators to large distances: the record 
holder for the redshift of a SN Ia is at z~1.8 	

In fact, the distances to SNe Ia are the reason we believe the Universe is presently 
accelerating and therefore is one of the observations that suggest that dark energy is a 
major contributor to the energy density of the Universe!

Novae as Distance Estimators

Decay Timescale
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➢ explosive ignition of material 
accreted onto surface of 
white dwarf 
!

➢ bright MV~-7 and trace old 
populat ions so seen in 
ellipticals too…. 
!

➢ relation between nova's 
absolute magnitude at peak 
light  and time it takes to 
decline by 2 magnitudes 
(pseudo-standard candle)

Picture credit:  NASA/CXC/SAO/SDSS



Globular cluster LF

The Globular Cluster Luminosity Function
➢ number of GCs per unit 

magnitude in galaxy has 
universal Gaussian form 

!
➢ well-defined peak at turnover 

magnitude (M0=-6.5) 
!

➢ value of turnover magnitude 
is standard candle that works 
out to ~50 Mpc 

The Planetary Nebula Luminosity Function

➢ sharp turnover in the 
PNLF at the bright end 

!
➢ cut-off at M5007=-4.5 

!
➢ this provides a standard  

candle good to ~50 Mpc

Level of fluctuations expected to correlate with distance!

Surface Brightness Fluctuations Surface Brightness Fluctuations



Tully-Fisher relation

Surface Brightness Fluctuations

Both the Tully-Fisher (TF) relation and the Fundamental Plane (FP) and its projection, the 
Dn-σ relation, can be used to measure the distances to galaxies, because they all (roughly) 
depend on luminosity as

“Dynamical” distance indicators

L � v4

H-band TF Relation for 
Local Universe 

galaxies  (with good 
Cepheid distances)

Dn-σ Relation for  a 
nearby cluster galaxies 

(note more scatter!!)
In 1912, V.M. Slipher announced that he had computed radial velocities for 12 
spiral nebulae and found that they were all (except for M31) moving away from 
the Milky Way, because their spectra were redshifted	

by 1925, he had found that nearly every one of 40 nearby galaxies with 
redshifts were redshifted and moving away from us

The Hubble Law and the Hubble Constant

In 1929, Edwin Hubble presented a 
paper in which he showed that the 
distances to 18 galaxies inferred 
from Cepheid variables were directly 
proportional to their velocities (as 
measured by Slipher): 

v = H0d

relation between 
absolute magnitude and 

rotational velocity in 
spiral galaxies

combined with apparent 
magnitudes allows for 
determining distance



The Hubble Law

Today this relation as Hubble’s Law and 
H0 is known as the Hubble Constant	

Typically, v is in km/s and d is in Mpc, so 
H0 is in km s-1 Mpc-1	

The currently favored value of the 
Hubble constant is H0=100 h km s-1 
Mpc-1 = 69 km s-1 Mpc-1, where 
h=0.69 is used to parameterize the 
Hubble constant

68 FREEDMAN ET AL. Vol. 553

FIG. 7.ÈValues of the Hubble constant determined using the Sunyaev-
Zeldovich e†ect (open squares) and gravitational lens time delays (asterisks)
from 1990 to the present. From the compilation of Huchra (http ://cfa-
www.harvard.edu/Dhuchra) for the Key Project.

the distance to the cluster (e.g., Birkinshaw 1999 ; Carlstrom
et al. 2000). The observed microwave decrement (or more
precisely, the shift of photons to higher frequencies) results
as low-energy cosmic microwave background photons are
scattered o† the hot X-ray gas in clusters. The SZ e†ect is
independent of distance, whereas the X-ray Ñux of the
cluster is distance dependent ; the combination thus can
yield a measure of the distance.

There are also, however, a number of astrophysical com-
plications in the practical application of this method (e.g.,
Birkinshaw 1999 ; Carlstrom 2000). For example, the gas
distribution in clusters is not entirely uniform: clumping of
the gas, if signiÐcant, would result in a decrease in the value
of There may also be projection e†ects : if the clustersH0.
observed are prolate and seen end on, the true could beH0larger than inferred from spherical models. (In a Ñux-limited

FIG. 8.ÈPlot of log distance in Mpc vs. log redshift for Cepheids, the
Tully-Fisher relation, Type Ia supernovae, surface brightness Ñuctuations,
fundamental plane, and Type II supernovae, calibrated as part of the Key
Project. Filled circles are from Birkinshaw (1999), for nearby Sunyaev-
Zeldovich clusters with cz \ 30,000 (z \ 0.1) km s~1, where the choice of
cosmological model does not have a signiÐcant e†ect on the results. The
SZ clusters are Abell 478, 2142, and 2256, and are listed in BirkinshawÏs
Table 7. The solid line is for km s~1 Mpc~1, with the dashed linesH0 \ 72
representing ^10%.

sample, prolate clusters could be selected on the basis of
brightness.) Cooling Ñows may also be problematic. Fur-
thermore, this method assumes hydrostatic equilibrium and
a model for the gas and electron densities. In addition, it is
vital to eliminate potential contamination from other
sources. The systematic errors incurred from all of these
e†ects are difficult to quantify.

Published values of based on the SZ method haveH0ranged from D40 to 80 km s~1 Mpc~1 (e.g., Birkinshaw
1999). The most recent two-dimensional interferometry SZ
data for well-observed clusters yield km s~1H0 \ 60 ^ 10
Mpc~1. The systematic uncertainties are still large, but the
near-term prospects for this method are improving rapidly
(Carlstrom 2000) as additional clusters are being observed,
and higher resolution X-ray and SZ data are becoming
available (e.g., Reese et al. 2000 ; Grego et al. 2000).

9.2. T ime Delays for Gravitational L enses
A second method for measuring at very large dis-H0tances, independent of the need for any local calibration,

comes from gravitational lenses. Refsdal (1964, 1966)
showed that a measurement of the time delay, and the
angular separation for gravitationally lensed images of a
variable object, such as a quasar, can be used to provide a
measurement of (see also, e.g., the review by BlandfordH0& Narayan 1992). Difficulties with this method stem from
the fact that the underlying (luminous or dark) mass dis-
tributions of the lensing galaxies are not independently
known. Furthermore, the lensing galaxies may be sitting in
more complicated group or cluster potentials. A degeneracy
exists between the mass distribution of the lens and the
value of (Schechter et al. 1997 ; Romanowsky & Kocha-H0nek 1999 ; Bernstein & Fischer 1999). In the case of the
well-studied lens 0957]561, the degeneracy due to the sur-
rounding cluster can be broken with the addition of weak-
lensing constraints. However, a careful analysis by
Bernstein & Fischer emphasizes the remaining uncertainties
in the mass models for both the galaxy and the cluster
which dominate the overall errors in this kind of analysis.
Values of based on this technique appear to be converg-H0ing to about 65 km s~1 Mpc~1 (Impey et al. 1998 ; Tonry &
Franx 1999 ; Bernstein & Fischer 1999 ; Koopmans & Fass-
nacht 1999 ; Williams & Saha 2000).

9.3. Comparison with Other Methods
It is encouraging that to within the uncertainties, there is

broad agreement in values for completely independentH0techniques. A Hubble diagram (log d versus log v) is plotted
in Figure 8. This Hubble diagram covers over 3 orders of
magnitude, and includes distances obtained locally from
Cepheids, from Ðve secondary methods, and for four clus-
ters with recent SZ measurements out to z D 0.1. At z Z 0.1,
other cosmological parameters (the matter density, and)

m
,

the cosmological constant, become important.)")

10. IMPLICATIONS FOR COSMOLOGY

One of the classical tests of cosmology is the comparison
of timescales. With a knowledge of the average densityH0,
of matter, o, and the value of the cosmological constant, ",
integration of the Friedmann equation

H2 \ 8nGo
3

[ k
r2 ] "

3
(7)

� log(v/c) = log v � log c

The Hubble Law and the Hubble Constant

Note that the Hubble constant has units of inverse time (s-1)!	

The inverse of the Hubble constant thus gives a timescale, called the Hubble time:	

!

If the Universe has been expanding uniformly since the Big Bang (which it hasn’t), then 
the Hubble time should equal the age of the Universe (which it nearly does!)

tH � 1
H0

= 4.35� 1017 s = 13.8 Gyr

Pathways to Extra-galactic Distances

Jacoby et al. 1992 PASP, 104, 599


