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The shape of Spacetime – how do we know 
Einstein was right?

Cosmology – from locally flat spacetime to a 
curved universe

Measuring cosmological parameters
CMBR
Supernovae & GRBs
Baryon Acoustic Oscillations

Is ΛCDM right?



“Matter tells spacetime how to curve…
spacetime tells matter how to move”



“Matter tells spacetime how to curve…
spacetime tells matter how to move”

Gravitational Lensing



“Matter tells spacetime how to curve…
spacetime tells matter how to move”

Gravity Probe B



GRAVITY PROBE B

Geodetic Precession

Frame Dragging



GRAVITY PROBE B

The world’s most perfect sphere





GRAVITY PROBE B

Satellite in 642km polar orbit

IM Pegasi used as guide star

Preliminary results confirm 
geodetic effect to better than 1%
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Schwarzschild’s solution for the spacetime metric exterior to a black hole



CURVATURE OF THE UNIVERSE

Schwarzschild’s solution for the spacetime metric exterior to a black hole
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Robertson-Walker metric describes background cosmological model 
in a homogeneous, isotropic expanding or contracting universe
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CURVATURE OF THE UNIVERSE
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Scale factor Redshift



CURVATURE OF THE UNIVERSE
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CURVATURE OF THE UNIVERSE

Closed Open Flat
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CURVATURE OF THE UNIVERSE



2

2
2

33
8

R
kG

R
RH −

Λ
+=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

ρπ&

( )
3

3
3

4 Λ
++−= PG

R
R ρπ&&

⎥
⎦

⎤
⎢
⎣

⎡
Ω+

−
+−= 22

2

2
222

1
)( dr

kr
drtRdtds

CURVATURE OF THE UNIVERSE

We can solve this to give Friedmann’s Equations:
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CURVATURE OF THE UNIVERSE

We can solve this to give Friedmann’s Equations:

Observables that we 
can measure, allowing 

us to determine ‘k’
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CURVATURE OF THE UNIVERSE
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Divide both sides by H2
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Divide both sides by H2

Matter Density



CURVATURE OF THE UNIVERSE
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Divide both sides by H2

Energy Density
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Divide both sides by H2

Intrinsic Curvature
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km Ω+Ω+Ω= Λ1

Recast as dimensionless parameters



CURVATURE OF THE UNIVERSE
1=Ω+Ω+Ω Λ km

Matter, energy and intrinsic curvature



CURVATURE OF THE UNIVERSE
1=Ω+Ω+Ω Λ km



WHY DOES IT MATTER…?



COSMOLOGICAL TIMELINE





COSMIC MICROWAVE BACKGROUND RADIATION



COSMIC MICROWAVE BACKGROUND RADIATION



COSMIC MICROWAVE BACKGROUND RADIATION

Curvature



COSMIC MICROWAVE BACKGROUND RADIATION

Baryon Density



COSMIC MICROWAVE BACKGROUND RADIATION

Dark Matter
Density



COSMOLOGICAL DISTANCE INDICATORS



TYPE 1A SUPERNOVAE



TYPE 1A SUPERNOVAE



TYPE 1A SUPERNOVAE

Narrow range of absolute magnitude 
at maximum light indicates a good 
STANDARD CANDLE



GAMMA RAY BURSTS



GAMMA RAY BURSTS



GAMMA RAY BURSTS

Deepest Supernova



GAMMA RAY BURSTS



HOW DO WE USE STANDARD CANDLES?

Hubble Diagram
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Hubble Diagram

25log5 +=−= LdMmμ
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HOW DO WE USE STANDARD CANDLES?

Excellent agreement with SN



HOW DO WE USE STANDARD CANDLES?

GRBs allow us to 
extend our confidence 

in models to much 
higher redshift



STANDARD RULERS



BARYON ACOUSTIC OSCILLATIONS
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BARYON ACOUSTIC OSCILLATIONS



BARYON ACOUSTIC OSCILLATIONS



BARYON ACOUSTIC OSCILLATIONS



BARYON ACOUSTIC OSCILLATIONS



BARYON ACOUSTIC OSCILLATIONS



BARYON ACOUSTIC OSCILLATIONS



BARYON ACOUSTIC OSCILLATIONS



RESULTS



RESULTS



RESULTS

H0 = 73 ± 0.03 km-1s-1Mpc

ΩM = 0.24 ± 0.03

ΩΛ = 0.72 ± 0.04

Ωk = –0.010 (+0.016, –0.009)



COULD WE BE WRONG?

ΛCDM is a model not a theory

Pioneer Anomaly

Fine tuning of parameters – ‘why now?’ problem
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COULD WE BE WRONG?

Cosmic Microwave Background
Radiation (CMBR)

Galaxy Rotation Curves
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