
Physics 133: Extragalactic 
Astronomy and Cosmology

Week 4



Week 4 Outline
• Review proper distance
• Multi-component models [5.4]
• What kind of universe do we live in? [5.5]
• Distances that we can actually measure [6.1, 6.2, 6.3]

– Luminosity distance 
– Angular diameter distance 

• Measuring the acceleration of the universe [6.4,6.5]

Midterm exam (April 28):  Ryden chapters 1 – 6.3



Proper Distance – Redshift Relation

•Galaxies are not 
stamped with their 
lookback time.
•We need to express 
the proper distance in 
terms of the redshift 
of the galaxy.
•What�s the relation 
between redshift and 
proper distance at low 
redshift?
•Are there other ways 
to define distance? 
Yes, stay tuned.



Quiz #7
The images show pictures of distant 
galaxies taken with the Hubble Space 
Telescope.  Professor Martin took spectra 
of these galaxies and measured their 
redshifts. She found that galaxy 
12019996 has a redshift z=1.2812.

1)  What is the proper distance to this galaxy 
in a flat universe containing only matter?  
[Give your answer in units of the Hubble 
distance, c / H0.]

2)  Is the proper distance to this galaxy the 
same, larger, or smaller  in a flat universe 
containing only cosmological constant?  



Generalized Friedmann Equation 

• You work on some special cases that yield an 
analytic solution in HW #4.

• Let’s examine some of the properties of these model 
universes. 

• Why?  Because these models make predictions that 
can be refuted or verified!



Matter + Curvature Models. I.

• Consider all values of Wm

( WL = 0 and Wg = 0)
• Allows closed, flat, or open 

geometry (i.e., positive, zero, 
or negative curvature,
k = +1, 0, or -1)

• When do these solutions look 
like the single-component 
model for a flat matter only 
universe?

• New phenomena:  Maximum 
scale factor when k = +1.

Curvature + Matter

amax



Matter + Curvature Models. II.

• Consider all values of Wm

( WL = 0 and Wg = 0)

• This is still a small subset 
of all possible models! 



Matter + Curvature Models. III.

amax
W0=1.1

W0=0.9

W0=1.0

• Density determines destiny (in these models only).  
-- The matter density alone ( Wm) determines whether the 
expansion stops.
-- It is equivalent to think in terms of curvature or matter 
density in these models.
-- Notice that in matter + curvature models, W0 is Wm.

• When Wm > 1, the contraction time is equal to the expansion 
time.

-- You can easily compute tcrunch.

The Wm > 1 
models have finite 
duration; they end 
in a Big Crunch!



Matter + Curvature IV.
Duration of the Universe

• The more matter there is, the 
shorter the timescale for Wm > 1 
models collapse; [R 5.92, tcrunch].

• Timescale depends on H0
-1.

• H0
-1 = 13.98 Gyr (for

H0  = 70 km/s/Mpc)
• What is age t0 when Wm =1?
• t0 = 9.32 Gyr [R 5.4.2].

• The 4.6 Gyr age of the solar 
system clearly rules out matter + 
curvature models with 
Wm >> 1.

Age of the solar system 
rules out  Wm >> 1. 



Elbbuh Niwde’s Discovery (HW #4, [R] 5.7)
• You are asked to consider observations in a matter + curvature 

universe that is contracting, W0 > 1.
• Why does Dr. Niwde observes that all the galaxies are moving 

towards her?

tcrunch0.5 tcrunch

tote

Given measurements of H0 and W0, how much time remains 
before the Big Crunch?  i.e., What is tcrunch - to?

a(to)



Matter + Dark Energy + Flat 
Models. I.

• Wm + WL = 1, 
Why is this a statement that 
k = 0?
– Definition W(t) = e(t) / ecrit(t)

• Still a small subset of all models.

• We can get an age
t0 = 0.964H0

-1 = 13.5 Gyr
using the measured values  
W0,m=0.3 and WL=0.7.



Matter + Dark Energy + Flat 
Models. II.

• A positive cosmological constant introduces new 
phenomena.
– Most models expand forever, a.k.a. Big Chill
– Many (but not all) models accelerate 

Matter Only

Negative Cosmological Constant

a
W0=0.9,  
WL=0.1 

amax



What happens if we allow positive 
curvature and dark energy?

A whole bunch of 
possibilities!



Dark Energy + Curvature (HW #4, Prob. 3)
• Consider an expanding 

positively curved universe 
with WΛ > 1.

• This universe had no Big 
Bang.  You are asked to 
show that this universe 
underwent a Big Bounce at 
a scale factor 

abounce = [(W0 -1) / W0]1/2

• What observations could be 
made to determine whether 
we live in such a universe?
– Measure matter content, W0

– Measure maximum redshift 
for galaxies (i.e., minimum 
a(te).

Note:  Curve shown for W0=0.3.

to

a(to)



Radiation + Matter

• Energy density in radiation falls as 
e(t)=e0a(t)-4 .

• The early universe is effectively    
radiation dominated z > 3600.

– What does a(t) look like?
– Solution to the Friedmann Eqn. 

a(t)=(t/t0)1/2 at z >> 3600.
– Solution transitions to 

a(t)=(t/t0)2/3 at z < 3600.
• How do we calculate trm?

– trm = 3.47e-6 H0
-1 [R 5.114]

– Or 49,000 yr for H0 = 70 
km/s/Mpc



What Kind of Universe Do We Live In?



Planck Collaboration 2015 Results



Concordance cosmology 
(a few years earlier)

Year 3 WMAP is very similar we will see in more detail later on…



Summary

• Multi-component universes (analytic models)
– Illustrate the wide variety of cosmological models 

allowed by the Friedmann equation.
– Predict some phenomena that observations firmly 

rule out.
– Provide an approximation to the Concordance 

Model

• Review Concordance Model
– The universe that we live in!



Physics 133: Extragalactic 
Astronomy and Cosmology

Week 4
Reminder:

Midterm exam (April 28):  Ryden chapters 1 – 6.3

Chat Box:   What is a standard candle?



Outline: Measuring Cosmological 
Parameters

• Measuring kinematics of the universe determines its 
contents. We can use observations to describe a(t).

• Proper distance is not directly measured. As 
observers we need distances that we can measure.

• Measuring cosmological parameters with standard 
candles, standard rods, and (new) standard sirens.



Measuring Kinematics of the Universe 
Determines Its Content.  1. Acceleration.

• Measuring the acceleration of 
the universe determines the 
quantity q0 = 0.5W m,0 - WL,0, 

• Which is a line
WL = 0.5W m,0 + (-q0) 
in the density parameter plot.

• Let’s see how this works.



The Contents of the Universe 
Determine Its Acceleration. I.

• Measure H0 and the 
deceleration parameter q0
(independent of any model)

• Use the Friedmann and 
acceleration equations to 
determine what e(t) would 
give these parameters

• So the deceleration 
parameter is related to the 
difference between the 
density parameters for 
matter and lambda.



Quiz #8:  The Contents of the Universe 
Determine Its Acceleration

• What is the value of the 
deceleration parameter for 
the Benchmark model?

• Is universe the universe that 
we live in  decelerating?



How do we measure the kinematics 
of the Universe?

• Recall Hubble�s law; redshift increases 
linearly with proper distance.

• This allows us to measure one parameter, 
maybe two.

[blackboard]

• But proper distance is hard to measure.
• Proper distance is hard to even define 

when we have incomplete knowledge of 
a(t). Recall the definition.



Let’s define two distances that astronomers 
can actually measure.



Flux and Flux �Density�
– Astronomers talk about 

flux density because their 
detectors usually are not 
sensitive to photons of all 
energies.

– A spectrum shows the 
amount of flux per unit 
wavelength (or per unit 
frequency)

– m – m0=-2.5 log(Fl/Fl,0)
– V=-2.5 log(Fl/3.64e-9 

erg/cm2/s/A)



Convenient distances.  
Luminosity distance. I.

• We can measure Flux
• If we know the luminosity, we have 

a distance!
– F=L/4π (dl)2

• But what distance is this?
– Depends on curvature
– Depends on expansion

[Blackboard]
Standard candle



Convenient distances.  
Luminosity distance. II

• At z << 1, 
luminosity 
distance is a good 
approximation to 
proper distance.

As z ==> 0, we have  dL ~ dp(t0) ~ c H0
-1 z

dL



Convenient distances. 
Angular diameter distance. I

• We can measure angles
• If we know the size of an 

object, we have a distance!
– θ=L/dA

• But what distance is this?
• [Blackboard]
• Distant objects appear larger 

than they really are because 
photons were emitted at a 
time when the object was 
closer.  

• At low redshift, dA ~dp(te)
�Standard rods�



Angular Diameter Distance. II.
HW #4 [R] 6.3 (flat, any w, find max dA)

• As z ==> 0, we have  dA ~ dp(t0) ~ c H0
-1 z

• As z ==> infinity, we have dA goes to  dhor(t0) / z
• Benchmark model has maximum dA = 1800 Mpc at z=1.6.

dA



Summary of Distances
1. Co-moving Distance
2. Proper Distance
3. Luminosity Distance
4. Angular-Diameter Distance
• As z ==> 0, we have 

dA ~ dL ~ dp(t0) ~ c H0
-1 z

• As z ==> infinity, we have
dp(t0) goes to dhor(t0)
dL         goes to  z dhor(t0)
dA         goes to  dhor(t0) / z

• Benchmark model has maximum 
dA = 1800 Mpc at z=1.6;  and 
object subtends the smallest angle

dL

dA



Extra:  For the Budding Astrophysicist
Links available at the bottom of the course web page.



Summary: Measuring 
Cosmological Parameters

• Measuring kinematics of the universe determines its 
contents. We can use observations to describe a(t).
– Acceleration of the universe is related to the density 

parameter.
– Proper distance depends on redshift via the Hubble 

constant, to first order
• Proper distance is not directly measured. As 

observers we need distances that we can measure.
– Luminosity Distance 
– Angular Diameter Distance 

• Measuring cosmological parameters with standard 
candles and standard rods (rulers)


