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General Relativity: 
Observational Implications & Tests
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General Relativity: 
Observational Implications & Tests

Note that we are using Einstein’s Principle of Equivalence:
locally, gravitation has exactly the same effect as acceleration
(“strong” EEP version: this applies to all physical phenomena)
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Renaissance of General Relativity 1960-

1960 QUASARS 1967 PULSARS 
    1974 BINARY PULSAR

1965 COSMIC BACKGROUND RADIATION

1971 BLACK HOLE CANDIDATES Cygnus X1…

1980 GRAVITATIONAL LENSES

WMAP 2003
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Experimental Tests of General Relativity
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Experimental Tests of General Relativity

Lasers 
(LIGO,LISA)

Antennas,

Gyro Satellite

  Anti-proton    
experiment

1/r2  r>mm
                    

see Clifford Will, Was Einstein Right 
  2nd Edition (Basic Books, 1993)

      Early                     1960-70        1970-           frontier    
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Clifford M. Will 
“The Confrontation 
Between General 
Relativity and 
Experiment”
Living Reviews in 
Relativity (2001)

www.livingreviews.org

and his latest update
gr-qc/0510072
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GRAVITATIONAL REDSHIFT TESTS

Thursday, April 7, 2011



CONSTANCY OF GConstancy of G
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BINARY PULSAR

The pulsar is a rapidly rotating, highly magnetized 
neutron star which rotates on its axis 17 times per 
second.  The pulsar is in a binary orbit with another 
star with a period of 7.75 hours.

In 1993, the Nobel Prize in Physics was awarded to 
Russell Hulse and Joseph Taylor of Princeton 
University for their 1974 discovery of a pulsar, 
designated PSR1913+16, in orbit with another star 
around a common center of mass. 
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UPDATE ON THE 
BINARY PULSAR

BINARY PULSAR test of gravitational radiation
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Weisberg et al. Sci Am Oct 1981

Periastron advance per day = Mercury perihelion advance 
per century!
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Clifford Will, gr-qc/0510072
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Albert Einstein's 90-year-old general theory of relativity has just been put through a series of some of its 
most stringent tests yet, and it has passed each one with flying colors. Radio observations show that a 
recently discovered binary pulsar is behaving in lockstep accordance with Einstein's theory of gravity in 
at least four different ways, including the emission of gravitational waves and bizarre effects that occur 
when massive objects slow down the passage of time.

An international team led by Marta Burgay (University of Bologna, Italy) discovered the binary pulsar, 
known as J0737–3039 for its celestial coordinates, in late 2003 using the 64-meter Parkes radio 
telescope in Australia. Astronomers instantly recognized the importance of this system, because the two 
neutron stars are separated by only 800,000 kilometers (500,000 miles), which is only about twice the 
Earth–Moon distance. At that small distance, the two 1.3-solar-mass objects whirl around each other at 
a breakneck 300 kilometers per second (670,000 miles per hour), completing an orbit every 2.4 hours.

General relativity predicts that two stars orbiting so closely will throw off gravitational waves — ripples in 
the fabric of space-time generated by the motions of massive objects. By doing so, they will lose orbital 
energy and inch closer together. Radio observations from Australia, Germany, England, and the United 
States show that the system is doing exactly what Einstein's theory predicts. "The orbit shrinks by 7 
millimeters per day, which is in accordance with general relativity," says Michael Kramer (University of 
Manchester, England), a member of the observing team. 

Einstein Passes New Tests 
Sky & Telescope, March 3, 2005,  by Robert Naeye

A binary pulsar system provides an excellent laboratory for testing 
some of the most bizarre predictions of general relativity. The two 
pulsars in the J0737-3039 system are actually very far apart 
compared to their sizes. In a true scale model, if the pulsars were the 
sizes of marbles, they would be about 750 feet (225 meters) apart.
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Friedmann-
Robertson-

Walker
Framework
(homogeneous, 

isotropic 
universe)

= 13.97 h70-1 Gyr
f(0.3, 0.7) = 0.964

Matter:
Radiation:

Friedmann equation
H0 ≡ 100h km s-1 Mpc-1

        ≡ 70h70 km s-1 Mpc-1
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LCDM Benchmark Cosmological Model: 
Ingredients & Epochs 

Barbara Ryden, Introduction to Cosmology (Addison-Wesley, 2003)
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  Evolution of Densities of Radiation, Matter, & Λ 

Dodelson,
Chapter 1

= (1+z)-1     z = redshift
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Benchmark Model: Scale Factor vs. Time 

Barbara Ryden, Introduction to Cosmology (Addison-Wesley, 2003)
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Ωm

Age of the Universe t0 in FRW Cosmologies

■

Benchmark
Model

Benchmark
Model
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Age of the Universe and Lookback Time

Redshift z

These are for the Benchmark Model Ωm,0=0.3, ΩΛ,0=0.7, h=0.7.

Gyr
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Age t0 of the Double Dark Universe

Age in Gyr

Ωm,0

ΩΛ,0

Calculated for k=0 and h=0.7.  For any other value of 
the Hubble parameter, multiply the age by (h/0.7).
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History of Cosmic Expansion for General ΩM & ΩΛ

Benchmark
Model

Thursday, April 7, 2011



History of Cosmic Expansion for ΩΛ= 1- ΩM 

Saul Perlmutter, Physics Today, Apr 2003

past future

now

With ΩΛ = 0 the age of the 

decelerating universe 
would be only 9 Gyr, but 
ΩΛ = 0.7, Ωm = 0.3 gives an 

age of 14Gyr, consistent 
with stellar and radioactive 
decay ages
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SNe Ia from ground-based discoveries in the Gold sample are shown as diamonds, HST-discovered SNe Ia are 
shown as filled symbols. Overplotted is the best fit for a flat cosmology: Ωm = 0.27,  ΩΛ= 0.73. 
Inset: Residual Hubble diagram and models after subtracting empty Universe model. The Gold sample is binned in 
equal spans of nΔz = 6 where n is the number of SNe in a bin and z is the redshift range of the bin.  Fig. 6 of A. 
Riess et al. 2007, ApJ, 659, 98.

Ωm = 0.27,  ΩΛ= 0.73
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From the A. Riess et al. 2007, ApJ, 659, 98 Abstract:  The unique leverage of the HST high-
redshift SNe Ia provides the first meaningful constraint on the dark energy equation-of-state 
parameter at z ≥ 1.  The result remains consistent with a cosmological constant (w(z) = −1), and 
rules out rapidly evolving dark energy (dw/dz >> 1). The defining property of dark energy, its 
negative pressure, appears to be present at z > 1, in the epoch preceding acceleration, with ∼ 98% 
confidence in our primary fit. Moreover, the z > 1 sample-averaged spectral energy distribution is 
consistent with that of the typical SN Ia over the last 10 Gyr, indicating that any spectral evolution 
of the properties of SNe Ia with redshift is still below our detection threshold.

z
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The Hubble diagram of Type Ia supernovae correlating distance modulus (µ) vs. redshift. The Union2 
compilation (Amanullah R, Lidman C, Rubin D, Aldering G, Astier P, et al., 2010) represents the 
currently largest SN Ia sample. The linear expansion in the local universe can be traced out to z<0.1. 
The distance relative to an empty universe model (µempty) is shown in the lower panel. The data are 
binned for clarity in this diagram. The blue curve shows the expectation from the best fit LCDM model 
with Ωm=0.3.
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Brief History of the Universe
• Cosmic Inflation generates density fluctuations
• Symmetry breaking: more matter than antimatter
• All antimatter annihilates with almost all the matter (1s)

• Big Bang Nucleosynthesis makes light nuclei (10 min)

• Electrons and light nuclei combine to form atoms,
    and the cosmic background
    radiation fills the newly
    transparent universe (380,000 yr)

• Galaxies and larger structures form (~1 Gyr)

• Carbon, oxygen, iron, ... are made in stars
• Earth-like planets form around 2nd generation stars
• Life somehow starts (~4 Gyr ago) and evolves on earth
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Picturing the History of the Universe:
The Backward Lightcone

Cosmic Horizon: 
tangent to backward 
lightcone at Big Bang

Big Bang

From E. Harrison, Cosmology
 (Cambridge UP, 2000).
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Picturing the History of the Universe:
The Backward Lightcone

From E. Harrison, Cosmology (Cambridge UP, 2000).

tangent to backward 
lightcone at big bang
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Cosmic Horizon: 
tangent to backward 
lightcone at Big Bang

Big Bang

Distances in an Expanding Universe

te

t0

χ 

time (galaxy     
worldline)

χ(te) = ∫ dr = re = c∫ dt/a = c∫ da/(a2H)
t0

χ(te) = (comoving distance of galaxy 
emitting at time te) 

t1

te

re

0

dp(t0) = (physical distance at t0) = a(t0) re = re

dp(t0) = re

time (our     
worldline)

ae

1

χ(te) = re = dp(t0) = 2dH (1 - ae1/2)

For E-dS, where H = H0 a-3/2 , 

The Hubble radius dH = c H0-1= 
= 4.29 h70-1 Gpc = 13.97h70-1 Glyr

dp(te) = (physical distance at te) = a(te) re = ae re

dp(te)

dt = (dt/da) da = (a dt/da) da/a 
= da/(aH)

because 

Proper distance = physical distance = dp

From E. Harrison, Cosmology
 (Cambridge UP, 2000).

dp(te) = 2dH ae (1 - ae1/2)
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Distances in an Expanding Universe

χ(t1) = (comoving distance at time t1) = ∫ dt/a = r1
adding distances at time t1

t1

t1

t0

χ(t1)

χ 

FRW:  ds2 = -c2 dt2 + a(t)2 [dr2 + r2 dθ2 + r2 sin2θ  dφ2]  for curvature k=0

From the FRW metric above, the distance D across a 
source at distance r1 which subtends an angle dθ is 
D=a(t1) r1 dθ.  The angular diameter distance dA is 
defined by dA = D/dθ, so 
 dA = a(t1) r1 = r1/(1+z1)
In Euclidean space, the luminosity L of a source at distance d 
is related to the apparent luminosity l by
              l = Power/Area = L/4πd2  
so the luminosity distance dL is defined by dL = (L/4πl)1/2 .  
Weinberg, Cosmology, pp. 31-32, shows that in FRW
  l = Power/Area = L [a(t1)/a(t0)]2 [4πa(t0)2 r1

2]-1 = L/4πdL
2

Thus 
 dL = r1/a(t1) = r1 (1+z1) (redshift of each photon)(delay in arrival)

 fraction of photons reaching unit area at t0

χp = (comoving distance at time t0) = rp     

dp = (physical distance at time t0) = a(t0) rp = rp

Particle
Horizon

0

since a(t0) =1

d(t1) = (physical distance at t1) = a(t1)χ(t1)

Thursday, April 7, 2011



Distances in a Flat (k=0) Expanding Universe

Scott Dodelson, Modern Cosmology (Academic Press, 2003)

upper curves: Benchmark Model
lower curves: Einstein - de Sitter

dA = a(t1) r1 = r1/(1+z1) dL = r1/a(t1) = r1 (1+z1)χ(t1) = (comoving distance at time t1) = r1 
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Distances in the Expanding Universe
Dnow = proper distance, DL = luminosity distance,

DA = angular diameter distance, Dltt = c(t0 – tz)

http://www.astro.ucla.edu/~wright/cosmo_02.htm#DH
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http://www.astro.ucla.edu/~wright/CosmoCalc.html

Distances in the Expanding Universe:
Ned Wright’s Javascript Calculator

H0DL(z=0.83)
=17.123/13.97

=1.23
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