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Measuring the geometry of the Universe

How does one measure the geometry?
Measure the space-time metric

Use clocks and rods?
This is a difficult job in cosmology

Project observations onto a cosmological
model?
Test predictions of various models
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Predictions of a cosmological model

of sources vs

The of the universe in units of the Hubble
time H-'

as a function of

as a function of
The Hubble diagram

of sources versus
of high red-shift sources
Spectrum of a primordial stochastic background
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Testing cosmological models

Each of these predictions could, in principle, be
tested with gravitational-wave observations

March 25, 2009

the key to this is the existence of a standard siren

The ability to accurately identify and measure the
properties of the siren

Ability to measure cosmological backgrounds

Image: WMAP
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Y A brief history

Star formation peak 5
Galaxy formation era (g T TS th U
Earliestr\::::nl::;az:?e ?ﬂt; rnil]iun years Of e n lve r S e

Recombination atomsform \—— CMB f < 3 x 10~17hHz probes 300, 000yrs < ¢, < 14Gyrs
Relic radiation decouples ICMBR G 1

Matter domination
Oinset of gravitational collapse

Nucleosynthesis
Light elements created — D, He,Li |EFE @ g o9

Muclear fusion begins 3 QG W 3 M 0

s %% aa Pulsars f ~ 10—5Hz probe t, ~ 10~4s (T' ~ 50MeV)

Quark—hadron transition
Protons anc neutrons formed

Electroweak transition
Electromagnetic and weak nuclear |
forces first differentiate
Supersymmetry breaking
Axions etc.?

LISA f ~ 10—3Hz probes t. ~ 10~ 14s (T" ~ 10TeV)

ET f ~ 10 Hz probes t,~ 10-2° s (T ~ 10° GeV)
LIGO f ~ 100Hz probes t. ~ 10~**s (T ~ 10*GeV)

Grand unification transition F
Electromveak and strong nudear X
forces differertiate

Inflation

Quantum gravity wall
spacetime description breaks down

(Planck scale f ~ 10''Hz has t. ~ 10~*3s (T ~ 10'°GeV)
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A Pair of ET’s for Stochastic background

Separated by less than 5,000 km will help build
up the correlation at 10 Hz
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Measuring the Stochastic Background

Common noise at a site is a hindrance to
detecting stochastic background

Especially bad in the case of ET since the
stochastic signal has a big contribution from the
low-frequency end of the sensitivity band

Detectors at two locations allow to build-up
nine-way cross correlation channels (four
independent channels)

We could use the different channels for
cancelling out the noise background

Multi-band detectors are not a problem
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Standard sirens for precision
cosmology

Compact binary coalescences in ET
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Bose et al 2009
SNR for sources at z=0.5
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Sathyaprakash et al

Hubble Diagram

e Luminosity distance Vs. red shift depends on
the cosmological parameters H,, Q,, Q, Q,, w,
etc.
c(l+2z) [* dz
DL(Z) — 1% / 1/2°
0 0 [Qar(14+2)3 4+ Qa(1 + z)30+w)]

e Einstein Telescope will detect 1000’s of
compact binary mergers for which the source
can be identified (e.g. GRB) and red-shift

measured.

e A fit to such observations can determine the
cosmological parameters to better than a few

percent.
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How well can ET measure cosmological
parameters

We generated 500 random binary NS-BH detections
Uniformly distributed in comoving volume up to z=4

For each detection ET measures the luminosity distance
Red-shift comes from EM identification and follow-up

Assumed that the measured luminosity distances will be
different from the true one by statistical errors
determined by the Fisher matrix

Neglected the systematic errors such as weak gravitational
lensing, waveform uncertainties, etc., which should be
included in a future study

Fitted the resulting (D, z) to a model
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Results

e True values of the cosmological parameters
Hy = 0.70,Q = 0.27, Q) = 0.73, w = —1
e Measured values

e Measuring w as a function of red-shift (CVDB’s talk)
e Two unknown parameters
w = —0.999 £+ 0.015, Qx = 0.733 £ 0.0067:
e Three unknown parameters
w = —0.96 & 0.041, Q,; = 0.255 + 0.014, Q2 = 0.741 4+ 0.012

e Four unknown parameters
e Errors are too large to be interesting
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Future work

Include systematic effects
Weak gravitational lensing and waveform uncertainty

Allow cosmological evolution of standard sirens
Changes in rates of compact binary coalescences

Examine how good is the number of sources Vs
red-shift test
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