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5. Science goals in the longer term, and how to reach them

Science Frontiers for GWs Bernard F Schutz 2 Tokyo, 29 March 2009

Sunday, 29 March 2009



How GRAVITATIONAL WAVES
ARE DIFFERENT

Sunday, 29 March 2009



1. HOw GRAVITATIONAL WAVES ARE DIFFERENT:

GRAVITATIONAL WAVE DETECTION

“Gravitational wave detection is about seeing the biggest things
that ever happen — the collisions, explosions, and quakings of
stars and black holes — by measuring the smallest changes that
have ever been measured...”

Harry Collins
Gravity’s Shadow: The Search for Gravitational Waves
(University of Chicago Press 2004)
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1. HOw GRAVITATIONAL WAVES ARE DIFFERENT:

"THE BIGGEST THINGS THAT EVER HAPPEN’

e Merging black holes are the most luminous objects in the Universe, radiating during their last
phase pure GWs at ~10°’ erg/s! This goes on for a few milliseconds for stellar black holes
and for a good fraction of an hour for galactic black holes.
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R MEASU

e Current detectors (LIGO) can measure strains AL/L ~ 1021 on
timescales of 0.01 s. Over 4 km this corresponds to AL ~ 1016 cm,

smaller than a proton.
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1. HOw GRAVITATIONAL WAVES ARE DIFFERENT:

"THE SMALLEST CHANGES EVER MEASURED’

e Current detectors (LIGO) can measure strains AL/L ~ 1021 on

timescales of 0.01 s. Over 4 km this corresponds to AL ~ 1016 cm,
smaller than a proton.

e Next-generation ‘advanced’ detectors will improve by a factor of 10.

Science Frontiers for GWs Bernard F Schutz 6 Tokyo, 29 March 2009

Sunday, 29 March 2009



1. HOw GRAVITATIONAL WAVES ARE DIFFERENT:

"THE SMALLEST CHANGES EVER MEASURED’

e Current detectors (LIGO) can measure strains AL/L ~ 102! on
timescales of 0.01 s. Over 4 km this corresponds to AL ~ 1016 cm,
smaller than a proton.

e Next-generation ‘advanced’ detectors will improve by a factor of 10.

e The space-based LISA will measure strains ~10-23 over timescales of
20 min. Over 5 x 10° km this is ~10°12 cm.
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"THE SMALLEST CHANGES EVER MEASURED’

Current detectors (LIGO) can measure strains AL/L ~ 102! on
timescales of 0.01 s. Over 4 km this corresponds to AL ~ 1016 cm,
smaller than a proton.

Next-generation ‘advanced’ detectors will improve by a factor of 10.

The space-based LISA will measure strains ~10-23 over timescales of
20 min. Over 5 x 10° km this is ~10°12 cm.

Why are energies so large and disturbances so small?

— In any wave medium, increasing stiffness — faster wave speed &
smaller disturbances

— “"Space” has fastest possible wave speed (c), hence is stiffest
possible medium, hence has smallest possible disturbances.
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"THE SMALLEST CHANGES EVER MEASU

Current detectors (LIGO) can measure strains AL/L ~ 102! on
timescales of 0.01 s. Over 4 km this corresponds to AL ~ 1016 cm,
smaller than a proton.

Next-generation ‘advanced’ detectors will improve by a factor of 10.

The space-based LISA will measure strains ~10-23 over timescales of
20 min. Over 5 x 10° km this is ~10°12 cm.

Why are energies so large and disturbances so small?

— In any wave medium, increasing stiffness — faster wave speed &
smaller disturbances

— “"Space” has fastest possible wave speed (c), hence is stiffest
possible medium, hence has smallest possible disturbances.

Review published recently: B Sathyaprakash, B F Schutz,
"Physics, Astrophysics and Cosmology with Gravitational
Waves” Living Reviews in Relativity 12 (2009), 2. (http://
www.livingreviews.org/Ilrr-2009-2)
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LISTENING TO THE UNIVERSE

e GW detectors do not make pictures
of the sky. They record 1-d time-
series that reflect all radiation
arriving from all directions.

Science Frontiers for GWs Bernard F Schutz 7 Tokyo, 29 March 2009

Sunday, 29 March 2009



1. HOw GRAVITATIONAL WAVES ARE DIFFERENT:

LISTENING TO THE UNIVE

GW detectors do not make pictures
of the sky. They record 1-d time-

series that reflect all radiation
arriving from all directions.

GW observing is similar to
receiving sound. Detectors are

“cosmic microphones” recording

the vibrations of spacetime.
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1. HOw GRAVITATIONAL WAVES ARE DIFFERENT:

LISTENING TO THE UNIVERSE

e GW detectors do not make pictures
of the sky. They record 1-d time-
series that reflect all radiation
arriving from all directions.

e GW observing is similar to 5«‘)ﬁ\ ;
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receiving sound. Detectors are SIS Stamt,
“cosmic microphones” recording NS ER s
the vibrations of ti @»““‘3""‘

e vibrations of spacetime. S5 ig;
e Detection is coherent, following e

phase and amplitude.

e Sensitivity given in terms of
amplitudes

e Look for signals in noise by
convolving with expected
templates

e Signals emitted coherently by
entire masses
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1. HOw GRAVITATIONAL WAVES ARE DIFFERENT:

COHERENT EMISSION
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2. OPERATING DETECTORS AND UPGRADES:

LASER INTERFEROMETERS

® LIGO: two 4-km detectors, in Hanford (Washington) and Livingston (Louisiana),
plus an extra 2-km instrument at Hanford in the same vacuum system.
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® LIGO: two 4-km detectors, in Hanford (Washington) and Livingston (Louisiana),
plus an extra 2-km instrument at Hanford in the same vacuum system.

® GEO600: one 600-m detector at Hannover, Germany, cooperation of UK, Germany,
and Spain. Pioneers advanced technologies for transfer to larger detectors.

LIGO and GEO600 are the detectors of the LIGO Scientific Collaboration (LSC), pool
all data, membership open to all (currently groups from 11 countries).
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® GEO600: one 600-m detector at Hannover, Germany, cooperation of UK, Germany,
and Spain. Pioneers advanced technologies for transfer to larger detectors.

LIGO and GEO600 are the detectors of the LIGO Scientific Collaboration (LSC), pool
all data, membership open to all (currently groups from 11 countries).

® VIRGO: one 3-km detector at Pisa, Italy, cooperation of France, Italy, Netherlands
The LSC and VIRGO pool their data and analyse and publish it jointly.

® Japan: TAMA300 did joint observing and analysis with LIGO. Now developing
suspensions for 3-km LCGT proposal. CLIO (100m) cryogenic prototype for LCGT
now operating in Kamioka mine. Like GEO600, both pioneer new technologies.

LCGT: 3 km: comparable sensitivity to Advanced LIGO, VIRGO (next slide)
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GEO600: one 600-m detector at Hannover, Germany, cooperation of UK, Germany,
and Spain. Pioneers advanced technologies for transfer to larger detectors.

LIGO and GEO600 are the detectors of the LIGO Scientific Collaboration (LSC), pool
all data, membership open to all (currently groups from 11 countries).
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The LSC and VIRGO pool their data and analyse and publish it jointly.

Japan: TAMA300 did joint observing and analysis with LIGO. Now developing
suspensions for 3-km LCGT proposal. CLIO (100m) cryogenic prototype for LCGT
now operating in Kamioka mine. Like GEO600, both pioneer new technologies.

LCGT: 3 km: comparable sensitivity to Advanced LIGO, VIRGO (next slide)

Possible future proposals for big interferometers: AIGO (Australia), INDIGO (India).

Science Frontiers for GWs Bernard F Schutz 10 Tokyo, 29 March 2009

Sunday, 29 March 2009
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LASER INTERFEROMETERS

® LIGO: two 4-km detectors, in Hanford (Washington) and Livingston (Louisiana),
plus an extra 2-km instrument at Hanford in the same vacuum system.

® GEO600: one 600-m detector at Hannover, Germany, cooperation of UK, Germany,
and Spain. Pioneers advanced technologies for transfer to larger detectors.

LIGO and GEO600 are the detectors of the LIGO Scientific Collaboration (LSC), pool
all data, membership open to all (currently groups from 11 countries).

® VIRGO: one 3-km detector at Pisa, Italy, cooperation of France, Italy, Netherlands

The LSC and VIRGO pool their data and analyse and publish it jointly.

® Japan: TAMA300 did joint observing and analysis with LIGO. Now developing
suspensions for 3-km LCGT proposal. CLIO (100m) cryogenic prototype for LCGT
now operating in Kamioka mine. Like GEO600, both pioneer new technologies.

LCGT: 3 km: comparable sensitivity to Advanced LIGO, VIRGO (next slide)
® Possible future proposals for big interferometers: AIGO (Australia), INDIGO (India).

Bar detectors have been turned off.
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2. OPERATING DETECTORS AND UPGRADES:

GROUND-BASED UPGRADE PLANS

e During S5 observing run (2005-7)
LIGO reached and exceeded its
design sensitivity. Some data
analysis still not finished.
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e December 2007: LIGO began "“light”
upgrade to Enhanced LIGO, factor
2.5 in sensitivity. VIRGO followed
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e July 2009: LIGO and VIRGO resume
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2.5 in sensitivity. VIRGO followed
soon after. GEO600 maintained
“Astrowatch” observing mode.

e July 2009: LIGO and VIRGO resume
observing (S6), GEO begins GEO-HF
upgrade (funding approved).

e Mid-2011: LIGO (funding approved)
and VIRGO (partial funding ready)
begin major upgrade to Advanced
Detectors, factor 10 better than
initial; GEO begins high-frequency
observing.
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GROUND-BASED UPGRADE PLANS

e During S5 observing run (2005-7)
LIGO reached and exceeded its
design sensitivity. Some data
analysis still not finished.

e December 2007: LIGO began "“light”
upgrade to Enhanced LIGO, factor
2.5 in sensitivity. VIRGO followed
soon after. GEO600 maintained
“Astrowatch” observing mode.

e July 2009: LIGO and VIRGO resume
observing (S6), GEO begins GEO-HF
upgrade (funding approved).

e Mid-2011: LIGO (funding approved)
and VIRGO (partial funding ready)
begin major upgrade to Advanced
Detectors, factor 10 better than
initial; GEO begins high-frequency
observing.

e 2015: LIGO and VIRGO resume
observing (57).
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3. NETWORKING OF DETECTORS

GLOBAL NETWORK OF INTERFEROMETERS
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3. NETWORKING OF DETECTORS

GLOBAL NETWORK OF INTERFEROMETERS

® Why so many? Why do they share data and work together, instead of racing to be
the first one to detect?
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® Confidence: Detectors are intrinsically noisy, so a single detector can't
distinguish a burst of gravitational waves from a burst of noise. Signals are
detected only after being filtered: do not stand up above noise.
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® Why so many? Why do they share data and work together, instead of racing to be
the first one to detect?

® Confidence: Detectors are intrinsically noisy, so a single detector can't
distinguish a burst of gravitational waves from a burst of noise. Signals are
detected only after being filtered: do not stand up above noise.

® Science: Detectors are like microphones, no directional information. Only a
network of coherent detectors can measure the polarization and position on
the sky of a GW burst. Think: radio interferometry, sonar sensing.

® Network properties

B Resolving power: 80res ~ A/D. Current network has D ~ 20-30 ms, 1/\ ~
300 Hz, so that d0res ~ 0.1 rad ~ 5°. Positional accuracy improves with
SNR: 80 = 80:es/SNR. Minimum SNR for detection ~7, so 80 ~ 1°.
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GLOBAL NETWORK OF INTERFEROMETERS

® Why so many? Why do they share data and work together, instead of racing to be
the first one to detect?

® Confidence: Detectors are intrinsically noisy, so a single detector can't
distinguish a burst of gravitational waves from a burst of noise. Signals are
detected only after being filtered: do not stand up above noise.

® Science: Detectors are like microphones, no directional information. Only a
network of coherent detectors can measure the polarization and position on
the sky of a GW burst. Think: radio interferometry, sonar sensing.

® Network properties

B Resolving power: 80res ~ A/D. Current network has D ~ 20-30 ms, 1/\ ~
300 Hz, so that d0res ~ 0.1 rad ~ 5°. Positional accuracy improves with
SNR: 80 = 80:es/SNR. Minimum SNR for detection ~7, so 80 ~ 1°.

® Polarization: need non-aligned detectors. Two LIGO sites very closely
aligned. VIRGO breaks degeneracy. Strong covariance between
polarization errors and position errors for some sources.
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KEY SCIENCE WITH ADVANCED DETECTORS
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1. Detect gravitational waves for the first time! Begin GW astronomy!

NS

Could come with enhanced detectors in next year, but unlikely. Very likely
after 2015. Most probable source: compact binary coalescence.
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1. Detect gravitational waves for the first time! Begin GW astronomy!

Could come with enhanced detectors in next year, but unlikely. Very likely
after 2015. Most probable source: compact binary coalescence.

2. Verify the GR model of polarization, compare speed of GWs and light, test for
anomalous energy loss in radiating systems (sign of extra scalar fields).

Requires well-understood source, like compact binary coalescence or GW
pulsar.
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3. Make direct observations of black holes, verify existence of horizons, measure spins
of holes, exclude naked singularities, verify nonlinear general relativity to high
accuracy.
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4. SCIENCE GOALS THROUGH 2015:

KEY SCIENCE WITH ADVANCED DETECTORS

1. Detect gravitational waves for the first time! Begin GW astronomy!

Could come with enhanced detectors in next year, but unlikely. Very likely
after 2015. Most probable source: compact binary coalescence.

2. Verify the GR model of polarization, compare speed of GWs and light, test for
anomalous energy loss in radiating systems (sign of extra scalar fields).

Requires well-understood source, like compact binary coalescence or GW
pulsar.

3. Make direct observations of black holes, verify existence of horizons, measure spins
of holes, exclude naked singularities, verify nonlinear general relativity to high
accuracy.

4. Measure distances to binaries (standard sirens) and obtain a calibration-free value
of the local Hubble constant. Compare to astronomers’ cosmic distance ladder, test

for anomalous local velocity fields.
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COMPACT COALESCING BINARY SYSTEMS
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4. SCIENCE GOALS THROUGH 2015:

COMPACT COALESCING BINARY SYSTEMS

® Can be NS-NS, NS-BH, BH-BH. ¥ o
Observations will tell us about | ~e ® s @
populations, mass functions. P
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4. SCIENCE GOALS THROUGH 2015:

COMPACT COALESCING BINARY SYSTEMS

® Can be NS-NS, NS-BH, BH-BH. [~
Observations will tell us about | e ® S @
populations, mass functions. 4 S R

® Expect some association to F
gamma-ray bursts. Whatdo [ | 'V ||
they look like off the gamma : "
beam? LSC is developing
“trigger’ follow-up MOUs with
large telescopes.
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SEARCHING FOR GW PULSARS

® Spinning neutron stars may have irregularities that would emit GWs, making them
GW pulsars. Radiation must be weak, needs long (many months) integration time.
Single detectors can make this observation, no coincidence needed.
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® Searches on isolated known radio pulsars with f>20 Hz use timing data
primarily from Parkes (Australia) and Jodrell Bank (UK) radio observatories.

Science Frontiers for GWs Bernard F Schutz 17 Tokyo, 29 March 2009

Sunday, 29 March 2009



4. SCIENCE GOALS THROUGH 2015:

SEARCHING FOR GW PULSARS

® Spinning neutron stars may have irregularities that would emit GWs, making them
GW pulsars. Radiation must be weak, needs long (many months) integration time.
Single detectors can make this observation, no coincidence needed.

® Searches on isolated known radio pulsars with f>20 Hz use timing data
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® Most interesting limit so far (S5) is on Crab Pulsar: less than 4% of its spindown
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GW pulsars. Radiation must be weak, needs long (many months) integration time.
Single detectors can make this observation, no coincidence needed.

® Searches on isolated known radio pulsars with f>20 Hz use timing data
primarily from Parkes (Australia) and Jodrell Bank (UK) radio observatories.

® Most interesting limit so far (S5) is on Crab Pulsar: less than 4% of its spindown
energy loss goes to gravitational waves.

® Blind searches for neutron stars that are not known as radio pulsars are
compute-intensive. Data analysis is done by Einstein@Home project (screen
saver). Now with over 200,000 users worldwide, furnishing 150 Tflops continuous
compute power,
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Detection of GWSs pulsars would strongly constrain models of the crust and
hyperon models of the EoS of neutron matter beyond nuclear density.
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Spinning neutron stars may have irregularities that would emit GWs, making them
GW pulsars. Radiation must be weak, needs long (many months) integration time.
Single detectors can make this observation, no coincidence needed.

Searches on isolated known radio pulsars with f>20 Hz use timing data
primarily from Parkes (Australia) and Jodrell Bank (UK) radio observatories.

Most interesting limit so far (S5) is on Crab Pulsar: less than 4% of its spindown
energy loss goes to gravitational waves.

Blind searches for neutron stars that are not known as radio pulsars are
compute-intensive. Data analysis is done by Einstein@Home project (screen
saver). Now with over 200,000 users worldwide, furnishing 150 Tflops continuous
compute power,

Detection of GWSs pulsars would strongly constrain models of the crust and
hyperon models of the EoS of neutron matter beyond nuclear density.

GEO-HF could observe normal-mode ringdown from glitching and bursting neutron
stars. This would open NS asteroseismology, strongly constraining EoS.
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SEARCHING FOR A STOCHASTIC BACKGROUN

Big
Bang

neutrinos

Cosmic strings (?) ~10-8
Inflation prediction ~10-14
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SEARCHING FOR A STOCHASTIC BACKGROUN

o Cross-correlate signals between 2 interferometers. Look for
common noise. The more pairs of correlations, the better the
sensitivity.
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Historically, this source drove development of bar detectors.

Supernova 1987A Rings

Hubble Space Telescope
Wide Field Planetary Camera 2

TE
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® Historically, this source drove development of bar detectors.

® Today, numerical simulations make us pessimistic about amplitudes: Advanced
Detectors may only be sensitive to gravitational collapse in our Galaxy, a rare
event.
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SUPERNOVA EXPLOSIONS

® Historically, this source drove development of bar detectors.

® Today, numerical simulations make us pessimistic about amplitudes: Advanced
Detectors may only be sensitive to gravitational collapse in our Galaxy, a rare
event.

® | SC developing mutual exchanges of triggers with neutrino detector
collaborations: both kinds of detectors should register an event in the Galaxy.

® Explosion mechanism still uncertain, so there is room for surprise with this source.
Coordinated observations with large telescopes also important. Any GW
observation will be informative about the mechanism.
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WIFSCOVERY SPACE

® Exploring the universe to higher redshifts, z ~ 0.5: population evolution for NS and BH;

calibration-free measurement of not only Ho but also w (dark energy parameter);
understanding gamma-ray bursts; finding intermediate-mass BHs; measuring GWs from

supernovae in the Virgo Cluster.
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® Binary black hole mergers offer strong tests of GR, limited by the signal-to-noise ratio.
We could test Kerr uniqueness, compare data with detailed numerical simulations of
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black-hole merger.

® Other sources are speculative, such as radiation from cosmic strings. These radiate
when a kink runs along the ring at the speed of light, giving a characteristic signature.
But there is no information on whether they exist.
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® Other sources are speculative, such as radiation from cosmic strings. These radiate
when a kink runs along the ring at the speed of light, giving a characteristic signature.
But there is no information on whether they exist.

® The most interesting sources may be ones we have not thought about! GW detection
explores the dark sector, which makes up 96% of the energy in the universe. If there
are structures in this sector (shadow matter, mirror matter, nearby branes, ....) then the
only way to discover them is to study their GWs.
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® Exploring the universe to higher redshifts, z ~ 0.5: population evolution for NS and BH;
calibration-free measurement of not only Ho but also w (dark energy parameter);
understanding gamma-ray bursts; finding intermediate-mass BHs; measuring GWs from
supernovae in the Virgo Cluster.

® Binary black hole mergers offer strong tests of GR, limited by the signal-to-noise ratio.
We could test Kerr uniqueness, compare data with detailed numerical simulations of
black-hole merger.

® Other sources are speculative, such as radiation from cosmic strings. These radiate
when a kink runs along the ring at the speed of light, giving a characteristic signature.
But there is no information on whether they exist.

® The most interesting sources may be ones we have not thought about! GW detection
explores the dark sector, which makes up 96% of the energy in the universe. If there
are structures in this sector (shadow matter, mirror matter, nearby branes, ....) then the
only way to discover them is to study their GWs.

® For these and other objectives, more sensitivity is crucial. There are two ways to
improve sensitivity beyond the existing planned Advanced Detectors: more detectors,
and new technology. LCGT is seen by the international community a key to both.
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5. SCIENCE GOALS IN THE LONGER TERM ... AND How To REACH THEM:

M@RE DETECTORS AT THE ADVANCED LEVEIE

® L|LCGT would improve the detection network in many ways:

® Improved confidence: a 4-way detection rejects hugely more “glitches” than a 3-
way event search. Network range extends by factors of ~1.5, volume by > 3!

® Antenna pattern fills in existing weak spots, improving 3-way event rate.

B Resolving power of network doubles due to multiple long baselines: error boxes
much smaller, optical and X-ray identifications much easier.

® Polarization measurement much improved by adding a third orientation (the two
LIGO detectors have almost the same orientation). This helps break covariance
of errors with position measurement, further improving positions.
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® L|LCGT would improve the detection network in many ways:

® Improved confidence: a 4-way detection rejects hugely more “glitches” than a 3-
way event search. Network range extends by factors of ~1.5, volume by > 3!

® Antenna pattern fills in existing weak spots, improving 3-way event rate.

B Resolving power of network doubles due to multiple long baselines: error boxes
much smaller, optical and X-ray identifications much easier.

® Polarization measurement much improved by adding a third orientation (the two
LIGO detectors have almost the same orientation). This helps break covariance
of errors with position measurement, further improving positions.

® Only LCGT could do this in time for the early observations and possibly the first
detection. Other proposals are much further in the future. The international GW
network is hoping for LCGT approval!
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® All Advanced Detectors will undergo further sensitivity improvements, such as
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BIMIPROVED SENSITIVITY

® All Advanced Detectors will undergo further sensitivity improvements, such as
introducing squeezed light. But another step of x10 requires a new instrument. T

® The Europeans are doing a design study for the Einstein Telescope (ET), which is
presently conceived to use cryogenic cooling of sapphire mirrors, to be located
underground, to employ squeezed light, to have high-performance active isolation
and (if money allows) very long (10 km) arms: all designed to improve the low-
frequency sensitivity.

EINSTEIN TELESCOPE

gravitational wave observatory

CENTRAL FAORITY
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introducing squeezed light. But another step of x10 requires a new instrument. T

® The Europeans are doing a design study for the Einstein Telescope (ET), which is
presently conceived to use cryogenic cooling of sapphire mirrors, to be located
underground, to employ squeezed light, to have high-performance active isolation

and (if money allows) very long (10 km) arms: all designed to improve the low-
frequency sensitivity.

® [ CGT is a crucial pathfinder for ET: it will pioneer cryogenic interferometry,
sapphire mirrors, and it will do it underground.
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® All Advanced Detectors will undergo further sensitivity improvements, such as
introducing squeezed light. But another step of x10 requires a new instrument. T

® The Europeans are doing a design study for the Einstein Telescope (ET), which is
presently conceived to use cryogenic cooling of sapphire mirrors, to be located
underground, to employ squeezed light, to have high-performance active isolation
and (if money allows) very long (10 km) arms: all designed to improve the low-
frequency sensitivity.

® [ CGT is a crucial pathfinder for ET: it will pioneer cryogenic interferometry,
sapphire mirrors, and it will do it underground.

® But LCGT is more: If ET is funded at all, then between 2020-2030 perhaps only
one ET-like instrument would start operating in Europe and one in the USA. ET-
style upgrades (more massive mirrors, squeezed light, suspensions) might enable
LCGT to be competitive with ET-class instruments. The other Advanced Detectors
would be used to provide high-frequency sensitivity, or be dismantled.
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