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Overview of Talk

e Gravitational wave basics

« How the LIGO detectors work
 The LIGO Scientific Collaboration
o Scientific Operation of LIGO

e First Searches for Gravitational Waves
» Inspiralling binaries
» Bursts
» Continuous emitters
» Stochastic Background

Current status and plans
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What are Gravitational Waves?

* Einstein’s field equations (1915):

» Relate the curvature of spacetime to the stress-energy of matter

e Uber die Gravitationswellen (Einstein 1918):
» Shows that equations reduce to wave-equations in weak-field limit

e Essence of EFE’s:

» When matter moves, or
changes its configuration,
its gravitational field
changes.

» This change propagates
outward as a ripple in the
curvature of spacetime: a
gravitational wave.
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Physical Effects of the Waves

e As gravitational waves pass, they change the distance between
neighboring bodies

Time
—

t=0 (period)/4 (period)/2 3(period)/4 (period)

L$ L+dL I

* Fractional change in distance is the strain given by
h=dL/L
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How LIGO Works

 LIGO is an interferometric detector « LIGO design goal

» A laser is used to measure the relative » Measure fractional change in arm
lengths of two orthogonal cavities (or length h = dL/L ~ 1021
arms)
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LIGO Sensitivity
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e The noise in the LIGO
Interferometers is dominated
by three different processes

depending on the frequency
band




LIGO Observatories

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

Livingston: one
Interferometer (4km)
G030639-00-2
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LIGO Organization & Support

CONSTRUCTION
OPERATION

LIGO Scientific
Collaboration

institutions > 400 scientists

Spokespersons:
Peter Saulson

(G030639-00-Z
10/10/2003 Ohio University 8



Scientific Operation of LIGO

e Science runs are interspersed with engineering runs
and commissioning activities.

o | will present results from first science run (S1)
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Data analysis groups

Inspiral

» Patrick Brady and Gabriel Gonzalez (co-chairs)
Burst and other transients:

» Erik Katsavounidis and Stan Whitcomb (co-chairs)

Continuous Wave
» Michael Landry and Mariallessandra Papa (co-chairs)

Stochastic
» Peter Fritschel and Joe Romano (co-chairs)
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Inspiral and Merger of
Compact Binaries

NS/

NS @ 10Mpc
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e LIGO is sensitive to:

» Gravitational waves from binary
systems containing neutron
stars & stellar mass black holes

» Last several minutes of inspiral
driven by GW emission

» Clean systems, accurate
modeling shows that GW'’s
depend on masses/spins only

- Neutron Star Binaries
» Known to exist (Hulse-Taylor)
» LIGO range =20Mpc, N< 1/(3yr)

- NS/BH, BH/BH

» New science: rates, dynamics of
gravitational field, merger waves

» LIGO range=105Mpc, N<1/(2yr)
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LIGO sensitivity
S1: 23 Aug — 9 Sep, 2002

e Inspiral sensitivity measured
In distance to 2 x 1.4 Msun
optimally oriented inspiral at
signal to noise = 8

» Livingston: <D> =176 kpc
» Hanford: <D> = 36 kpc

e Sensitive to inspirals in
» Milky Way
» Magellanic Clouds
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Data from S1 run

H1: 235 Hours

H2: 298 Hours

L1: 170 Hours

3x: 95.7 Hours

o S1 total run time: 408 hours = 17 days
» H1 (4km, Hanford) — duty cycle 57.6%
» H2 (2km, Hanford) — duty cycle 73.1%
» L1 (4km, Livingston) — duty cycle 41.7%
» Triple coincidence — duty cycle 23.4%
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Inspiral Group Activities

« Binary Neutron Star Search
» Bread ‘n butter source for LIGO
» Determine upper limit on the rate of BNS inspirals in the universe

e Black hole MACHO binary search (0.5<m1,m2<1.0)

» Speculative source
» MACHO search will use same pipeline as BNS
» Unbiased search and upper limit will follow neutron star result

* Binary black hole search (m1,m2 > 3.0 Msun)
» May be most promising source
» Need to better understand veto strategies for BBH
» Need to better understand the accuracy of theoretical predictions
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Matched filtering

GW Channel
+ simulated inspiral

Hiter to suppress
high/low freq >

w
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How to detect inspiral waves

Use template based matched
filtering algorithm

Search for non-spinning binaries
» 2.0 post-Newtonian waveforms

5(t) = (IMpc/D) X [ sin(@) h, (t-t0) + cos(@) 1, (t-t0)]

D: effective distance; a: phase
Discrete set of templates labeled
by I=(m1, m2)

» 1.0 Msun <ml1, m2 < 3.0 Msun

» 2110 templates

» At most 3% loss in SNR
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Population Monte Carlo

H1
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Ohio University

Population includes Milky
Way, LMC and SMC

Neutron star masses in
range 1-3 Msun

LMC and SMC contribute
~12% of Milky Way

Efficiency is fraction of the
population detectable by
the pipeline

Simulated signals injected
Into data stream to
determine efficiency
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Statistical Analysis and Results

 Floating signal-to-noise (S/N) threshold
1. Use all triggers from Hanford (4km) and Livingston (4km)
2. Cannot accurately assess background (assume it is zero)
3. 90% confidence limit = 2.3/ (efficiency * time)

e Results: max S/IN=15.9 .
» Time = 214 hrs
» Efficiency = 0.51
» R<164/yr/ MWEG

Preprint. “Analysis of LIGO
data for gravitational waves
from binary neutron stars”,
gr-gc/0308069

Previous observational limits
» Japanese TAMA - R < 30,000/ yr/ MWEG
» Caltech 40m > R < 4,000/ yr / MWEG
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 Theoretical prediction
» R<5x104%/yr/ MWEG

o LIGO-I design (1 yr)
» R~2x103/yr/ MWEG
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Burst Sources

| N

100km, D=10kpc » Modeled systems are dirty.

» NS merger, supernovae hang-up,
instabilities in nascent NS, kinks on

/ cosmic strings .
* Promise

» Unexpected sources and serendipity.
» Detection uses minimal information.

SN1987A :
e General properties.
» Duration << observation time.

|
e Supernovae & core collapse
Hang-up at » Rapidly rotating NS progenitor.
Proto neutron 20km, D=10kpc » Hang-up at 100km (muller), or at 20km
star boiling (Brown).

» Boiling of proto-NS (Burrows).
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Burst Group Activities

e Search for bursts of unknown origin/waveform
» Generate event triggers using SLOPE, TFCLUSTERS, POWER
» Veto triggers due to instrumental artifacts
» Determine upper limit on rate as function of strain

» Monte Carlo by simulated injections of astrophysical motivated
signals (Zwerger et al) and other burst waveforms

e Search for bursts associated with GRB's.

» Triggered analysis of on-source times
» Result by comparison of on-source versus off-source distributions
» First EM triggered search with LIGO
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Upper Limit on Rate of Bursts

Background estimation for TFCLUSTERS in S1

Poisson fit of time
shifted coincidences
O between the LIGO sites

N

Zero-lag measurement

End result of analysis pipeline: number of triple coincidence events.
Use time-shift experiments to establish number of background events.

Use Feldman-Cousins to set 90% confidence upper limits on rate of
foreground events:

» TFCLUSTERS: <1.4 events/day

» SLOPE: <5.2 events/day
(G030639-00-Z
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Burst Search Results and the Future

 Raw results sensitive to a wide variety of waveform
morphologies & broad frequency features in LIGO’s
frequency band.

o Strain upper limit assuming a burst model is for the
case of 1ms Gaussian pulses at 1.4 events/day
» 50% efficiency point is at h~3x10-17,

 |n the near future:

» Use multiple-interferometer information on amplitude of putative
signal and correlation statistic of their raw time-series.

» |Improve time-resolution of event trigger generators.

» Pursue rigorously an externally triggered (by GRB'’s, neutrinos)
search for bursts (exercised during S1).
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Spinning Neutron Stars

Crab pulsar limit

(4 Month observation)

* General properties.
» Long lasting, nearly periodic.
» No accurate modeling, use

phenomenological models.

» Learn about crust, internal
structure, glitches, temperature
dependent viscosity .....
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(4 Months @ 10kpc)
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SCO X1 to x-ray flux | » Known isolated pulsars: waves

(1 day) from crustal strain or wobbling
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» Accretion driven instabilities or
asymmetries (Bildsten et al)

« EM quiet or occluded

» Sensitive to NS in Galaxy

» R-mode instabilities in nascent
NS; combine with supernova
triggers
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Continuous Wave Group Analysis

 Known pulsar searches
» Catalog of known pulsars
» Heterodyne narrow BW folding data
» Coherent frequency domain search using Hough transform

« All sky unbiased

» Sum short power spectra (no doppler correction)

 Wide area search

Hierarchical Hough transform code is under development

» Demodulation is functioning and used in known pulsar search
» Demodulation points on sky under control

Efficient positioning of spindown/sky points under development
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Search Methods and Results

e Detection algorithms remove:

» frequency modulation of signal due to Earth’s motion relative to the
Solar System Barycenter, intrinsic frequency changes.

» amplitude modulation due to the detector’s antenna pattern

e Search for waves from PSR J1939+2134

» NoO evidence of continuous wave emission.

] * Preprint: “Setting upper limits on
. 22 ol
h,<1.0x10 the strength of periodic GW
» constrains ellipticity < 7.5x10° using first science data from
» (M=1.4Msun, r=10km, R=3.6kpc) GEOG600 and LIGQO” gr-
gc/0308050

* Previous observational limits
» h, <102 (Glasgow, Hough et al., 1983),
GOR0639-00.7 » h,<3.1(1.5)x10'" (Caltech, Hereld, 1983).
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Stochastic Background

 General properties

» Weak superposition of many
incoherent sources.

» Only characterized statistically.
» Either early universe or contemporary.
» Characterized by
W= (Energy)cw / (ENergy) gosure <10
e Early universe sources
» 100 Hz today, Gaussian background.

/ » Epoch of production is t=10-2%s.

» Cosmic strings, slow-roll inflation .
» Initial: W>10"°; Advanced: W>5x10"°
e Contemporary sources

* Unresolved supernovae, R-mode in
nascent neutron stars.

Epoch of
production of
photons in Cosmic
Microwave
Background
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Binary Neutron Stars: S2 Range

S1 Range
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Conclusion

Science with LIGO is
beginning
» LSC has taken first tentative
steps in gravitational-wave
astronomy
The future is bright

» Second science run finished:
14 Feb — 14 April 2003

» Instruments are about 10 times
more sensitive than S1
Further upgrades & runs

» Commissioning process
continuing

» Next science run 31 Oct 2003 —
5 Jan 2004
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S2 Range
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