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Gravitational Waves
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* First Light

* LIGO, GEO,VIRGO, TAMA are collecting data.

* LISA, the space-based mission, is in the planning stages (201?).

« Opportunities to motivate scientifically next generation of observatories.
* Gravitational waves

* Weakly interacting is a blessing and a curse

* Provide fundamental physics and new window to the universe
* Gravitational VWave Astronomy

* Multi-messenger

* Tool in astronomer’s toolkit
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A New View on the Universe

Visible
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This Talk...

* Sources of Gravitational Waves
« Earth and space based detectors
 Gravitational Wave Background

 Massive Binary Black Holes

* Theoretical Modeling
« Model Dynamics

e Mine for Observables and Predict Waveforms
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Sources of high-frequency Gravitational Waves

- Resolved Sources
- Compact binaries (neutron star, black holes, white dwarfs)
- Burst sources (supernova)
» Periodic Sources (Pulsars, Bumps on neutron stars

- Gravitational background Sensitivity of LIGO to coalescing binaries
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Sources of low-frequency Gravitational Waves

* Resolved galactic binaries
* Foreground of galactic binaries
* Extreme-mass-ratio inspiral

* Massive Black Hole Binaries
LISA sensitivity
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Gravitational Wave Background

IME Big Bang Tengp,

Ericd uf Troflansfun

* Relic gravitational waves produced
in early universe

« Stochastic background reflecting
fundamental physics in the early
universe,

- Phase transitions

- Inflation

- Topological defects

- String-inspired cosmology
- Higher dimensions

Present
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Gravitational Wave Foreground

* Incoherent superposition of unresolved nearby sources

* But interesting astrophysics
« galaxy is transparent to GWVs
 LISA will observe all stellar binaries with periods between 10 and 10,000s
« 30,000 distinct binaries - the rest as a unresolved foreground

 3-D map of galaxy - detailed image of bulge, disk and halo.
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Massive Black Hole Binaries as Cosmological Probes

* LISA will detect massive black hole binaries to large redshifts

- 10° — 10" M,,,,,

* radiate for an extended period of time
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Massive Black Hole Binaries as Cosmological Probes

* Determine rate of mergers, mass, luminosity distance [Larson, proceedings of the
33rd SLAC Summer Institute(2005)]

* Break the mass-redshift degeneracy using cosmological parameters
[Hughes 2002]

* Data can test galaxy formation theories and obtain clues to the structre
of the merger tree (Haehnelt| 994,Volonteri, Haardt, Madau 2003,Volonteri, Madau,
Haardt (2003), Menou, Haiman, Narayan (2001).

* Good theoretical models for inspiral of black holes.

 Can use knowledge of perturbed black hole (ringdown) to include some
higher mass binaries.
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Binary Black Holes as a Tool in Astronomy

* The inspiral phase

Inspwal Merger

Ringdown
 well described by post-Newtonian |

=
* well defined parameters including

|
|
|
masses, spins and orbits of initial holes. L"%_\ I @
|
|
|

* The merger phase

3= —

* highly nonlinear dynamics of curved

spacetime A
 expensive numerical calcuations h /\ ﬂ MM |/\

The ringd h o i
. rin n ,

e ringdown phase S UU ime
 exponentially damped sinusoid

. . . =—Kn DWH—# supercomp uterr known
* includes information about the mass 1000 cycles | simulations |

and spin of the final black hole. ~1 min ?
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Interferometers Sensitivity to MBBHs

* Ground-based detectors need merger and ringdown portions since these phases dominate the signal
for binary black holes.

* LISA’s band is dominated by inspiral for the 10° — 1O7Msun mass range; however, more massive
black hole observations require the merger and ringdown signals.

Sensitivity of LIGO to coalescing binaries
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Progress in Modeling Inspiral

« Post-Newtonian theory is supplying templates for gravitational-wave
searches

e for the inspiral phase

» pushing toward plunge and then adding the ringdown signal
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Progress in Modeling Ringdown

* Waveform is well known in the
linear regime from perturbation
theory

* Non-linear effects are being
studied in highly distorted black

holes [Allen gr-qc/9806036, Papadopoulos

PRD65 (2002) 084016,
Zlochower et al PRD68 (2003) 084014]

« And in binary black hole plunge
simulations
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Progress in modeling merger
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F. Herrmann, P. Laguna, D. Shoemaker
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Waveform Catalogue of BBH Collisions
Equal Mass Head-On
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Waveform Catalogue of BH/BH Collisions:
Orbits and Plunge

Baker et al gr-qc/0511103 F. Pretorius, Phys.Rev.Lett. 95 (2005) 121101
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What Happened to This Picture!?
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Questions

What are the range of characteristic scales in the BBH problem?

Mass, Spin, ISCO, QNM ~ few M

Can we explore the degree of complexity of waveforms with
current numerical codes!?

Yes, but codes still have some limitations but are starting to
model spinning black hole and unequal mass binaries.

Trash or Treasure!?
Lack of structure will make detection easier.
Rich structure will reveal the nature of gravity in extreme situations.



Galaxy Mergers: BH Mergers and Kicks

Unequal Mass Head-On Waveforms

Iteration: 0 Time: 0.0m

detecjtor at 10M

40 50 60 70 80
time (M)

F. Herrann, P. Laguna, D. Shoemaker
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Black Hole + Neutron Star Mergers

Schwarzschild Kerr Maximal

These simulations may shed light on the details of the central engine for short
gamma ray bursts, waveforms counterpart being investigated

P. Laguna, F. Rasio, E. Rantsiou, S. Kobayashi
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Conclusions

* Interferometric detector missions will search for cosmological
gravitational waves.

« Beyond LISA missions are being evaluated, good time for input
from community.

* LISA can act as a cosmological probe, detecting massive black hole
binary mergers that will constrain models for galactic structure
formation.

 Post-Newtonian and numerical relativity communities are building
the models for binary black hole sources.

* Numerical relativity is quickly transforming from development to
application and is now beginning it’s exploration of parameter
space that may reveal structure in the waveforms.

New Views on the Universe 10 Dec 2005



New Views on the Universe 10 Dec 2005



Multi-messenger Astronomy

* Invaluable information can be gained by
coupling E&M observations with GWV for

« Gamma-Ray Bursts (NS+BH?) . ot InfrarSOR L
 Supernova (model constraints)

* What is required to accomplish that?
* Pointing Capabilities
 Real time data analysis
 Data archiving

« Multi-messenger astronomy might be the
key to understanding an unexpected
source.
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MBBH: Cosmological Probes

« MBBH observations can be used to constrain models predicting

galactic formation.
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Cosmological Gravitational Waves

The Stochastic Background
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Gravitational Waves from the Big Bang
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« After the Big Bang
 photons decoupled > 105 years
* neutrinos > s
+ gravitational waves <107°% s

« Fundamental Observation
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Stochastic Background of Gravitational Waves

C2

. . — < hgp h® >
Energy density: PGw 39 ab

- Characterized by log-frequency spectrum: Qgayw (f) = L dpcw(f)
pe. dln f
_ 3H§ Qaw(/f)

- Related to the strain spectrum: S( f) 02 73
-

3/2
» Strain scale: A(f) = 6.3 x 107 \/Qaw(f) (10(?sz) H,—1/2
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Landscape
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Future Directions for Gravitational
Wave Detectors

BH-MBH
alescences

Unresolved
Binaries

Detection: Requires cross-correlation of detectors. A.Vecchio
Best window, free of “local” GW sources, is around 0.1-1 Hz. Need
LISA follow-on mission?

New Views on the Universe 10 Dec 2005



New Views on the Universe 10 Dec 2005



