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Abstract: Gravitational waves provide a unique way to study the Universe. From

2005 to 2007, the Laser Interferometer Gravitationa -wave Observatory

(L1GO) took data at design sensitivity. After describing gravitational waves and how LIGO works, | will discuss the status of searches for those
waves and current astronomical constraints imposed by those searches. Data taking resumed in summer 2009 with enhanced LIGO detectors and the
European Virgo detectors. | will discuss plans for combined electromagnetic and gravitational observing campaigns. Finaly, | will highlight the
prospects for gravitational-wave astronomy with Advanced LIGO over the next decade.
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Ripples in Spacetime

Searching for gravitational waves with LIGO
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General Relativity

e Einstein’s field equations (1915)

® Relate curvature of spacetime to stress-energy of

matter ETE—E%
Rﬂb — ;Rgab — SﬂTab

Gravitational force is extremely weak compared to
electromagnetic force, difficult to measure small effects

i - - tells
According to Einstein, test potter €S Spacet,,

how TO CUMve

bodies move along P

geodesics of spacetime Spacetime

BT analind

I I

Geodesics are determined \_d/
Sp

by curvature 9cetime rells matTe

Page 3/56

how to move




Einstein on gravitational waves

Spacetime interval can be written as
ds® = (Nap + Rop)dx dz"

where 7)o 3 is the Minkowski metric and /i, 3 is a metric
perturbation

For weak gravitational fields i < 1

e Gravitational waves propagate at the speed of light

e Gravitational waves stretch and squeeze space




How to generate
gravitational waves

e Einstein’s equations

e when matter moves or
changes configuration, its
gravitational field changes

Moving charge

e this change propagates
outward as a ripple in
spacetime: a gravitational wave

Moving matter

Electromagnetic waves

Gravitational waves
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Recipe for GW

® Ingredients: matter

® Intructions: put lots of matter into a small
space, keep it lumpy, and rotate very fast

® Nature does this for us:
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Physical Effects of the
VWaves

As gravitational waves pass, they change the distance

between neighboring bodies

GR predicts two polarizations

Animations:YVarren Anderson

Fractional change in distance is the strain given by h
=0L/L
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Schematic Detector

As a wave passes, one arm stretches
and the other shrinks ....

LIGO design goal
Measure fractional
change in arm length

h =oL/L ~ 10-21

...causing the interference pattern
to chansge at the photodiode




Schematic Detector

As a wave passes, one arm stretches
and the other shrinks ....

LIGO design goal
Measure fractional
change in arm length

h = oL/L~ 10-21

...causing the interference pattern
to change at the photodiode




LIGO Observatories

Hanford: two interferometers in same
vacuum envelope (4km, 2km)

Livingston: one
interferometer (4dkm'
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Astrophvsical Gravitational Wave Detection and Analvsis

LIGO, which stands for Laser Interferometer Gravitational-Wave
Observatory, is an ambitious physics project which aims to detect

gravitational waves. The LIGO Scientific Collaboration research group of the
University of Wisconsin-Milwaukee [(UWM LSCY has been a significant
contributor to this effort from its very beginning, more than ten years ago.
At present, this gravitational physics group is among the nation's largest
and most active. It is part of the UWM Center for Gravitatdon and
Cosmaology and it comprises more than btwenty members and nine

|

professars. It is part of the Center for Gravitation and Cosmology:

Research at the group indudes the study of:

s Gravitational waves sources: gamma ray bursts, compact binaries
systerms, continuous wave sources, and stochastic background

& Data Analysis

& Cluster Computing

The UWM LSC is part of the LIGOD Scientific Collaborstion, with more than
600 scientists from 40 institudons around the world. It forms part of a
waoridwide network of graviistional-wave detectors which includes the
British-German GED, the French-Islian VIRGO and the Japanesse TAMA.
Scientific analysis of data from the LIGOD, GEO and VIRGO instruments is
carTied out in common.
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LIGO Observatories

Hanford: two interferometers in same
vacuum envelope (4km, 2km)
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Schematic Detector

As a wave passes, one arm stretches
and the other shrinks ....

LIGO design goal
Measure fractional
change in arm length

h =oL/L ~ 10-21

...causing the interference pattern
to change at the photodiode
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@ introduction

- OPERATE LIGQO!

= _rag the X arm mirror to simulate the effect of a
gravitational wave. Choose any size wave, from
no wave at all (default) to a strong wave.
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LIGO Observatories

Hanford: two interferometers in same
vacuum envelope (4km, 2km)
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LIGO Observatories

Hanford: two interferometers in same
vacuum envelope (4km, 2km)
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LIGO Sensitivity
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LIGO Sensitivity

The noise in the LIGO
interferometers is
dominated by three different
processes depending on the
frequency band
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LIGO Sensitivity
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LIGO Sensitivity

The noise in the LIGO o
interferometers is
dominated by three different
processes depending on the
frequency band
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Science Goals

® Direct verification of two dramatic predictions of Einstein’s
general relativity: gravitational waves and black holes

® Physics

® Detailed tests of properties of gravitational waves including
speed, polarization, strength, graviton mass, .....

® Probe strong field gravity around black holes and in the early
universe

® Probe the neutron star equation of state
® Astronomy

® By performing routine astronomical observations,
understand compact binary populations, rates of supernovae
explosions, test gamma-ray burst models




Compact Binaries

® Pairs of black holes,
neutron stars, or a black
hole and neutron star

® As they orbit one another,
they emit gravitational p—
waves and the objects get ‘
closer together, eventually
merging

e [|GO is sensitive to last
few minutes of inspiral and
merger
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GRB 07020 [Forsrseste

® Short gamma-ray burst

® |[PN error box included M3,!

® Exclude any compact binary
progenitor in our simulation
space at the distance of M;3,
at > 99% confidence level

® Exclude compact binary
; e progenitor with masses |
s Ms < m< 3 Mg and
T | Mo <m2 <40 M. with D
< 3.5 Mpc away at 90% CL




Searches for compact
binaries

Most likely rate for

binary neutron stars is ~
5x10°/yr/ Lio

Lio is unit of luminosity.
Milky Way has ~1.7 Lo

Neutron star black hole
rates are ~1.5x10%¢/ yr /

Lio

Black hole binaries are ~
2x107/ yr/ Lio

Abbott et al [LIGO and Virge Collaboration],






Searches for compact
binaries

® Most likely rate for

binary neutron stars is ~
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e Neutron star black hole
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Gravitational-wave
bursts

® Very short (< | sec)
bursts of waves from
violent astrophysical
events

e Examples include
supernova explosions,
mergers of compact
binaries, and cosmic
string kinks and cusps



Searches for Bursts

Q =8.9 sine-Gaussians, 50% detection probability:
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Gravitational-wave
bursts

® Very short (< | sec)
bursts of waves from
violent astrophysical
events

e Examples include
supernova explosions,
mergers of compact
binaries, and cosmic
string kinks and cusps



Bursts from cosmic
strings (S4)
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Continuous Signals

e Signals lasting as long as,
or longer than, the
obervation time

e Known radio pulsars
could also emit
gravitational waves

® Unknown radio pulsars

that are not beamed
toward earth

Credit; M, Kramer

Credit: Dana Berry/NASA




Searches for
continuous waves

e Strength of gravitational
waves depends on
gravitational ellipticity

e Crab pulsar:

® observed spindown
allows maximum
gravitational ellipticity
around 103

freguency (Hz)

® observations < 10
Abbott et al [LIGO and Virgo Collaborztinn],

arXiv:0909 3583




Stochastic Background
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about 200 million yrs.

Big Bang Expansion
3.7 hillion years

Credit: Jolien Creighton

Energy density in gravitational waves
divided by critical density




Stochastic Background

Big Bang Expanson

137 billion years

Energy density in gravitational waves
divided by critical density




Searches for stochastic

'XCMB Large
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Abbott et al [LLIGO Scientific Collaboration] Nature 460 (2009) 990




Current Activities (S6)

® |IGO and European Virgo detector operate
as a network providing ability to localize on

the Sky LIGO Hanford ‘.

Simulated source
localization with
3 detectors
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Current activities

radio microwave infrared
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Instrumentation, networking, and
computing has improved
dramatically

Automated follow-up
observations of transients is now
possible using many telescopes

International Virtual Observatory
is making strides to improve
interoperability and access to
information

All-sky surveys will come of age ngitaﬁonal wave
during this decade observatories to the party



Prospects

Enhanced LIGO -

Fowell, B.Berger

redit; K,

Adv.LIGO = _ 27

D
- rOuperchuter
e : 2
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100 el Supsnlutes

® Advanced LIGO
e funding approved
® design in full swing

® acceptance
2014/15

® |0 x Initial LIGO
e |000 x more sources

e 40 BNS per year
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® acceptance
2014/15
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Searches for
continuous waves

e Strength of gravitational
waves depends on
gravitational ellipticity

e Crab pulsar:

® observed spindown
allows maximum
gravitational ellipticity
around 103

frequency (Hz)

e observations < |0#
Abbott et al [LIGO and Virgo Collaborztien],

arxiv:0909 3583
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