
The Cosmic Distance 
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How big is the 
Universe?

• We want to understand how big the Universe 
is!

• Why?

• Scale: how big are distant things, like galaxies?

• Time: we’ll see that recession speed is 
proportional to distance, so our estimate of 
the age of the Universe depends on how far 
apart galaxies are!
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Direct geometrical 
distance measures

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

• currently limited to <1 kpc for bright 
stars

• after Gaia (~2018 or so), will reach out 
to ~1 Mpc for the brightest stars
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• Maser distance

• The nearby active 
galaxy NGC 4258 
shows that it 
possesses an accretion 
disk containing water 
masers orbiting in a 
thin disk, nearly on the 
plane of the sky

• By measuring the 
velocity and acceleration 
of these masers over 
time, one can derive a 
direct distance to this 
galaxy: 7.2±0.3 Mpc
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And also a black hole mass: 3.9(±0.1)x107 M⊙
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• Gravitational lensing

• Quasars lensed into multiple images by 
foreground galaxies (usually ellipticals) show 
correlated brightness variations in the light of each 
component

• The delay time of these variations with respect 
to each other is another geometrical distance 
measurement

• But!  Uncertainty in mass profiles of lens 
galaxies means large uncertainties in distance 
determinations
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• 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
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Standard candles

• All indirect distance measurements depend 
on the calibration of standard candles, and 
one in particular: pulsating stars

• In fact, the entire cosmic distance scale is 
based on one kind of pulsating star: the 
Cepheid variables
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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

• This means the 
pulsations that occur in 
all stars are much bigger 
in Cepheids 
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• The nearest Cepheid is Polaris (the pole 
star), about 200 pc away, too distant for 
parallax measurements until the Hipparcos 
satellite in the 1990s

• In 1913, Hertzsprung (of the HRD!) came 
up with the ingenious idea to use the 
variation of the Sun’s motion with 
respect to the Local Standard of Rest as a 
secular parallax and determined the 
distances to Cepheids that way
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• In the beginning of the 20th 
century, Henrietta Swan 
Leavitt, a “computer” for 
Harvard Observatory, 
discovered that the 
Cepheids in the Small 
Magellanic Cloud pulsated 
with periods that were 
directly proportional to their 
average luminosities

• Recent period-luminosity 
relations for Cepheids give

• The trend is even tighter 
when the colour of the 
Cepheid is included
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• Cepheids are massive 
stars with temperatures 
near ~7000 K (~F stars)
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• Because Cepheids are so bright --- the 
brightest Cepheids reach ⟨MV⟩~-8 (!) --- 
Cepheids can be used for indirect distances 
out to ~20 Mpc

• Note that this is well beyond this distance 
of NGC 4258, allowing for a direct 
comparison of the Cepheid distance with 
the maser distance for this galaxy --- with 
a difference within the error bars of both 
methods, confirming that the Cepheid 
scale is reasonable for local galaxies
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• Note also that the reason that Hubble got 
the distance to M31 (Andromeda) wrong 
was that Cepheids actually come in two 
(well, three!) flavors:

• “Classical” Cepheids

• Metal-poor Cepheids, also called W 
Virginis stars, which are less luminous by a 
factor of 4 --- and it was these that 
Hubble thought he was using
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• There are also even fainter Population II 
(i.e., metal-poor) pulsating stars that can be 
used as standard candles: these are called 
RR Lyrae stars

• The calibration for the Cepheid distance 
scale actually rested in large part on the 
calibration of the RR Lyrae distance to 
the LMC until recently
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• The distance to a supernova can be 
measured by measuring the temperature 
and the expansion velocity of its 
photosphere:

where the radius R(t)=vpht and t is the time 
since the explosion, assuming constant 
expansion velocity

Supernovae

L = 4πR2(t)σT 4
eff
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• 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
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• Type Ia supernovae can be used as distance 
indicators to (staggeringly!) high distances: 
the record holder for the redshift of a SN 
Ia is at z~1.6 (!)

• 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!
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• Two other classes of objects used to be used:

• Planetary nebula have a sharp(ish) cutoff in 
their luminosity function --- that is, the number 
of objects per decade in luminosity --- with a 
maximum brightness that appears to be 
~constant

• However, it’s really only possible to see 
PNe out to distances of ~50 Mpc, and SNe 
Ia are easier to observe!

Other sort-of-standard 
candles
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• Globular clusters have a ~Gaussian-
shaped luminosity function that peaks at 
a magnitude of M~-6.6

• Two problems:

• Fainter than the brightest Cepheids!

• Not clear if the peak is always at the 
same magnitude
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• 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
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TF as a distance 
indicator

• If you can calibrate a large 
enough number of spiral 
galaxies with good rotation 
curves, you can use the TF 
relation as a distance 
indicator

• Problems: need to have 
excellent radio and 
optical data; need to 
“weed out” galaxies that 
don’t fit; only Sc galaxies 
really fit; need to choose 
bandpass and velocity 
measurement correctly; 
not that many Sc’s with 
good Cepheid distances
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FIG. 5.ÈTF relations for all 31 galaxies in the RC sample with measured rotation curves (circles and triangles). The crosses indicate the additional seven
galaxies in the SI sample for which a reliable rotation curve could not be measured. Those seven galaxies were ignored when making the inverse least-squares
!ts. The TF relations are constructed for each of the four available passbands using three di†erent kinematic measures : the corrected width of theW

R,Ii
global H I pro!le (upper panels), the maximum rotational velocity measured from the H I rotation curve (middle panels), and the amplitude of the Ñat partVmaxof the H I rotation curve (lower panels). The open triangles indicate galaxies with R curves, the open circles indicate galaxies with D curves, and the !lledVflatsymbols indicate galaxies with F curves. Solid lines show the !ts to the 15 !lled circles only. The dashed lines show !ts using all galaxies from the RC sample
in each panel.

FDNGC 3992 sample and subsequently calculating the scat-
ters including NGC 3992 yields prms \ 0.35 mag and
pbi \ 0.31 mag, a small but signi!cant di†erence. Removing
the most deviating galaxy in the RC/FDNGC 3992 sample
(NGC 3953, *M \ [0.51 mag) does not signi!cantly
reduce the scatter any further.

It is conceivable that NGC 3992 is a background galaxy
given its high recession velocity of km s~1. ItsVsys \ 1139
companions UGC 6923 and UGC 6969 also have high sys-
temic velocities of 1151 and 1210 km s~1, respectively,
straddling the high-velocity edge of the clusterÏs 700È1210
km s~1 velocity window. Furthermore, note that UGC
6969, the lower open triangle, also lies signi!cantly below
the relation. Assuming that the NGC 3992 group is 50%

farther away than the UMa Cluster as a whole, which is not
inconceivable given the velocity crowding in the UMa
region, would put NGC 3992 and UGC 6969 back on the
TF relation while UGC 6923 moves slightly farther away
from the relation, making it stand out more as a galaxy with
an R curve (open triangle).

Finally, removing NGC 3992 from the RC/FD sample
and considering the remaining 21 galaxies in the RC/
FDNGC 3992 sample, the correlation becomes robust, pro-
gressively tighter, and steeper and displays less scatter going
from the blue to the near-infrared (see Table 4). Further-
more, for the RC/FDNGC 3992 sample, the correlation also
tightens when using instead of from the rotationVflat Vmaxcurve.
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The FP as a distance 
indicator

• Recall that the 
Fundamental Plane is a 
relation between 
velocity dispersion, 
surface brightness, and 
effective radius

• The first two of those 
are distance-
indepedent, so the FP 
actually gives you a 
standard ruler, not a 
standard candle
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• In fact, a combination of 
surface brightness and 
radius, called Dn, the radius 
at a surface brightness of 
20.75 in the B band, is very 
well correlated with the 
velocity dispersion:

• This makes Dn a standard 
length

• The problem is that 
Cepheids don’t occur in 
elliptical galaxies (which have 
old populations) and other 
variables (like RR Lyraes) are 
too faint

• Need either clusters of 
galaxies with spirals with 
known Cepheid distances 
or SN Ia to calibrate
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• In fact, distances to individual galaxies using 
Dn-σ (or the full FP) or TF are pretty 
uncertain, so entire clusters of galaxies (or 
at least groups of galaxies) are used to get 
accurate distances
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• 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
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• 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
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• 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 = 72±8 
km s-1 Mpc-1, where 
h=0.72 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 signi!cant, 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 signi!cant 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 !ve 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)

Note how each method takes you out a 
little further: That’s why this is often 
called the “Cosmic Distance Ladder”

≈ log(v/c) = log v − log c
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• 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
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