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LIGO
L1GO Observatories

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

Livingston: one
Interferometer (4km)
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How LIGO Works

« LIGO design goal

» Measure fractional change in arm
length h = dL/L ~ 1021

d
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L1GO Organization &
Support

CONSTRUCTION
OPERATION

LIGO Science
Collaboration

nstitutions > 400 scientists
Spokespersons:
Rai Weiss,
Peter Saulson (elect)
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Scientific Operation of LIGO

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

o | will present preliminary results from first science run (S1)

1018 1019 1020 1021 . -
strain noise per root Hz
v v v Y >
(O I [ O O B A | |® | |
] Z| LT Iy j>| lfl « I.I
<\ T > =z CC—- é' Z < | T =z cc_-
S S
N w
E7 ES8 Sl E9 S2
2
(@)
GO30XXX-01-Z z

5/13/2003 LIGO Scientific Collaboration - APS 1



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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Datafrom 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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Data analysis groups

Burst and other transients:
» Sam Finn and Peter Saulson (co-chairs)
» http://www.ligo.caltech.edu/~ajw/bursts/bursts.html

Continuous Wave

» Michael Landry and Mariallessandra Papa (co-chairs)
» http://www.Isc-group.phys.uwm.edu/pulgroup/

Inspiral
» Patrick Brady and Gabriel Gonzalez (co-chairs)
»  http://www.Isc-group.phys.uwm.edu/iulgroup/

Stochastic
» Peter Fritschel and Joe Romano (co-chairs)

» http:/[feynman.utb.edu/~joe/research/stochastic/upperlimits
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Inspiral and Merger of
Compact Binaries

=20 10Mpc
=) BBH (40Mm )

500 Mpc
- 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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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

e Binary black hole search (m1,m2 > 3.0 Msun)
» An unbiased search will not be made due to proximity of S2
» Will use the full S1 data set to explore techniques for S2
» Need to better understand veto strategies for BBH
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hed filtering

GW Channel
+ simulated inspiral
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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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Hanford Laser || Hanford/Livingston
GW channel Freq. Noise GW Channel
! U U
Template |, T\ patched Filter Glitch Finder| | BandHimited noise
Bank -
! ! 4
Triggers —>?<— Veto Times
Hanford clean LV ngstglrégcnl—lanford Livingston clean
Not Livingston v Not Hanford
Livingston trigger
close enough for
Hanford to see?
Yes No
No
Dump
\ 4 Yes \ 4 \ 4
Event Candidates
Hanford: 107 hr Hanford & Livingston: 56 hr | Livingston: 51 hr
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Population Monte Carlo

H1

L1




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)

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

Previous observational limits

» Japanese TAMA

» Caltech40m R <4,000/yr/ MWEG

R < 30,000/ yr / MWEG
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Theoretical prediction
» R<5x104%/yr/ MWEG

LIGO-I design (1 yr)
» R~2x103/yr/ MWEG
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L oudest Surviving Event
Candidate

* Not NS/NS inspiral event
1 Sep 2002, 00:38:33 UTC
e S/N=15.9, c?/dof=2.2

e (Ml,m2)=(1.3,1.1) Msun

 What caused this?

* Appears to be saturation of a
GOBOXXX-01-Z photodiode
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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

o 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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Search Methods
and Challenges for Bursts

GW Channel:

e Use time-frequency method Noisy time

to spread out noise power

 Real signals look like noise
glitches observed in
Instrument

* Need powerful instrumental
and environmental vetoes

 Need multiple detectors to
have adequate confidence

 Post-processing and
clustering can help
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Bursts Search Pipeline

basic assumption: multi-interferometer
response consistent with a plane wave-front & Search code generated events
incident on network of detectors.

design the capability to veto data epochs
and events based on quality criteria and
auxiliary channels. Epoch veto’ed

essential: use temporal coincidence of the "4

3 interferometer’'s ‘best candidates’ > ©

correlate frequency features of candidates
(@Recfpeguency domain analysis).
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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
GO30XXX-01-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).

GO30XXX-01-Z
5/13/2003 LIGO Scientific Collaboration - APS



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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LIGO Sensitivity to Spinning
Neutron stars

| Crab pulsar limit
_(4 month observation)

Hypothetical population of
young, fast pulsars

(4 months @ 10 kpc)

Crustal strain limit
(4 months @ 10 kpc)

Sco X-1to X-ray flux
(1 day)

S1 analysis goal

» establish an upper limit on
the amplitude of continuous
wave emission from a
known pulsar

— L™

GO30XXX-01-Z
5/13/2003

LIGO Scientific Collaboration - APS

PSR J1939+2132
(4 month observation)




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.

e h,<1.0x10?2

» constrains ellipticity < 7.5x10°
» (M=1.4Msun, r=10km, R=3.6kpc)

 Previous observational limits
» h,<102° (Glasgow, Hough et al., 1983),
» h,<3.1(1.5)x10'" (Caltech, Hereld, 1983).
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Search for Stochastic
Background

Cosmic Microwave

/ Background

¥-1 n Background

Primordial Gravitational-Wave
Background
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Stochastic Group Activities

* Analytic calculation of expected upper limits (~100 hrs):

Wfor LHO 2k-LHO 4k will provide the most stringent direct
observational upper limit to date

e Coherence measurements of GW channels show little
coherence for LLO-LHO 2k correlations

 Investigation of effect of line removal for LHO 2km-LHO 4km
correlations (e.g., reduction in instrumental correlated noise)

 Injection of simulated stochastic signals into the data and
extraction from the noise to validate end-to-end capability of
analysis

e Correlations between LLO with ALLEGRO bar detector

» ALLEGRO was rotated into 3 different positions during earlier E7 run
» Analysis in progress

GOBOXXX-01-Z
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Results of Stochastic Search

Interferometer Pair 90% CL Upper Limit Tops
LHO 4km-LLO 4km W, (40Hz - 314 Hz) < 72.4 62.3 hrs
LHO 2km-LLO 4km still in progress 61.0 hrs

* Non-negligible LHO 4km-2km (H1-H2) cross-
correlation; currently being investigated.

e Previous best upper limits:
» Measured: Garching-Glasgow interferometers :  ,,(f) 3 10°
» Measured: EXPLORER-NAUTILUS (cryogenic bars):  _ (90™Hz) 60
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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
recently: 14 Feb — 14 April 2003

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

» Commissioning process
continuing

» Next science run winter 2003

S1 Range
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