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LIGO LSC

Science Goals

Direct verification of two of most dramatic predictions of
Einstein’s general relativity

» Existence of gravitational waves

» Direct observation of 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

LIGO provides a new window on the Universe
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LIGO Astrophysical Sources of 1 SC

Gravitational Waves

« Compact binary systems
» Black holes and neutron stars
» Inspiral and merger
» Probe internal structure, populations,
and spacetime geometry
« Spinning neutron stars
» LMXBs, known & unknown pulsars
» Probe internal structure and
popu|ations Supernova 1987A Rings
« Neutron star birth
» Tumbling and/or convection
» Correlations with EM observations

« Stochastic background
» Big bang & other early universe
» Background of GW bursts

Spin axis precesses
with frequency

SASKATOON
3 YEAR DATA

COBE DMR
4 YEAR DATA

Hubble Space Telescope
e Field Planetary Camera 2
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LIGO LSC

History of science runs

Strain Sensitivities for the LIGO Interferometers
H1 Performance Comparison: S1 through post 54  LIGO-G050483-01-Z
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LIGO

Observational papers

1. Neutron Star Binaries: Phys. Rev. D 69, 122001 (2004)
2. Stochastic Background: Phys. Rev. D 69, 122004 (2004)
3. Bursts: Phys. Rev. D 69, 102001 (2004)
4. PSR J1939+2134: Phys. Rev. D 69, 082004 (2004)
5. 28 Pulsars: PRL 94, 181103 (2005)
6. GRB030329: Phys. Rev. D 72, 042002 (2005)
7. Bursts: Phys. Rev. D 72, 062001 (2005)
8. Neutron Star Binaries: Phys. Rev. D in press, gr-qc/050504 1
9. Primordial Black Holes: Phys. Rev. D in press, gr-qc/0505042
10. Bursts using LIGO+TAMA: Phys. Rev. D in press, gr-qc/0507081
11. Unknown pulsars: Phys. Rev. D in press, gr-qc/0508065
12. Binary Black Holes: gr-qc/0509129
13. Stochastic: PRL in press, astro-ph/0507254
14. Bursts: Class Quantum Grav.

....many others in preparation....

....plus too many technical publications to list....
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LicOo Inspiral and Merger of | IESY @«
Compact Binaries

N _W‘u"N'.'"d“u"hWuWh'“u"U'IJF'a'\4“u"||"i"J"l“-"u“ﬂlWI'l’Ml‘ﬁM . LIGO is sensitive to:
ST » Gravitational waves from binary

systems containing neutron
B R L. BN SRR L 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

« Binary Neutron Star Rates

» Theoretical estimates give
upper bound of 1/3yr for LIGO

S5
« Binary Black Hole Rates

| » Theoretical estimates give
lime _ upper bound of 1/yr for LIGO
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LIGO LSC

Matched filtering

GW Channel

+ simulated inspiral

Filter to suppress
high/low freq >

) ¢
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SNR

Coalescence Time
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LIGO How to detect inspiral

waves

« Use template based ;

matched filtering algorithm S m |
. Search for non-spinning _fwlhq'a'n"""l'ﬂ"ul"h"' NN hﬂnl"lnirull‘l WM
binaries '
» 2.0 post-Newtonian
waveforms

Lime

s(t) = (1Mpc/D) x [ sin(a) h', (t-t0) + cos(a) h'_ (t-t0)]

« D: effective distance; a:
phase

Discrete set of templates
labeled by I=(m1, m2)

» 1.0 Msun <m1, m2<3.0
Msun

s)

MASS2 (Solar Masse
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LIGO LSC

Active Inspiral Searches

Masst
S esareh LIGO-Virgo analysis
, LIGO-TAMA analysis
Physical waveform
10 follow-up S3/54 GRB Coincidence
Inspiral-Burst S4 BBH follow up
3
BNS Spin is important
S1/S2/S3/S4  Detection templates S3/S4/S5
1 : :
PBH “High mass ratio”
S2/53/54 Coming soon
0.1 >

0.1 1 310 Mass :



LicoBinary Neutron Star Search: [ Ik @
LIGO S5 Range
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LIGO

Binary Neutron Star Search

Results (S2)
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LIGO Search for Primordial Black LS_
Hole Binaries (S2)

10° Phys. Rev. D. 72, 082002 ( 2005)
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LIGO Binary Black Hole Search

(S2)

Log| cum. no. of events |
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Submitted to Phys. Rev. D., gr-qc/0509129
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LIGO

How would we do at

LSC
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LHO signal-to-noise ratio

detection?

50
| : : : '
: || : : : : X accidental coincidences
|| : ! 5 : O simulated signals
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ADF |l o
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LLO signal-to-noise ratio
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Lico Binary Inspiral Searches: [IS] 6@

Approxmate S3.Ranges
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LIGO

Burst Sources

« General Properties
» Duration << observation time

 Promise
» Unexpected sources and serendipity
» Search techniques must use minimal information

« Examples

» Black hole and neutron star merger
» Supernovae & gamma-ray bursters
» Instabilities in nascent neutron stars
» Kinks and cusps on cosmic strings

SN1987A

Image: Baumgarte,Shapiro, Shibata NSF Review 2005 Image: Benger 16




LIGO LSC

Burst Group Activities

« Search for bursts of unknown origin/waveform
» Generate event triggers for each instrument
» Veto triggers due to instrumental artifacts
» Determine upper limit on rate as function of strain

» Monte Carlo by simulated injections of astrophysical motivated
signals and other model burst waveforms

« Ongoing activities
» Search for bursts associated with GRB’s and other EM triggers
» Untriggered searches by broad range of methods (cast wide net)

» Inpiral-burst-ringdown coincidence searches
» Cosmic string burst search

« Other Activities:
» LIGO-TAMA Joint Analysis of S2 Data (complete)
» LIGO-VIRGO Working Group

11/9/2005 NSF Review 2005 7
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LIGO earch Method: LSC
Time-frequency decompositions

Frequency

freeeney {Fay

" Requires coincidence between at least
) two interferometers & detailed examination
L of instrumental & environmental behavior
P | Simulated injection in hardware
DD.. SDl ID.D.". - l.ISU - EDD' 250 NSFReVieW2005 18
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LIGO LSC

Burst search results

Phys. Rev. D. 72, 062001 (2005)

o e e DT TR e e e rien CEEEEREERE EEETPEER EEEEEEER : ' BurSt SearCh trlggers
cnininnzninln] @ Zero-lag event countin bin | » BI d h d d
@ i == Estimated mean background | olING Search procedure provide
@ """"" ” Background spread (rms) ) IlSt Of COlnC|dent tl’lggel’S

A » Auxiliary and environmental
| f channels provide important
information which can veto a
trigger — very important to
burst searches.

» Example:

Events in S2 run

i N = . . ; ;
0 1 2 3 4 5 6 j 8 9 10
r-statistic confidence (I")

« Raw results are reported

. Interpreted upper limit on -
representative waveform
families is also report ...... =

| S
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LIGO o LSC
RBurst | lnner | imjt

Sine-Gaussians Phys. Rev. D. 72, 062001 (2005)
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IGo Gamma-ray bursts: short

and long

HST Image Credit: Derek Fox NASA Image

Pnccihle ecreanarin far echanrt GRRe" nalitrnn etar/hlarck hnle enllicinn

Credit: Dana Berry/NASA
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iGo Triggered search around

GRB030329

Physical Review D 72 042002 (2005)

¢ Expected based on background region

1 & Expected based on time-shifts
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Root sum square

sensitivity < 6x10%!

Cross-correlate data
around time of GRB
trigger

Estimate background
from off-source times
around GRB

Estimate background
from time-slides

S3/S4 analysis will
cover ~20-30 GRB’s



rico Continuous wave searches:

target sources _ _
Wobb&ng Neutron Stars

Accreting Neutron Stars

&
. ' \

Credit: Dana Berry/NASA Credit: M. Kramer

Bumpy Neutron Star
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rico Continuous Wave Group

Activities

« 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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Lico Search for Known Pulsars [ IRS)] e

Physical Review Letters 94 181103 (2005)
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Einstein@Home

* ginstein _[Of x|

Einstein@Home

Participate in LIGO puls
analysis by signing up to

http://www.physics2005.org

Search Information:
Ra&:  176.80

Host Credit: 620,38 SR, - L A= DEC: 740
Team: Vassar College " 3

11/9/2005 Percent Done: 38.56%
G050574-00-Z



mailto:Einstein@Home

LIGO

Probing the early Universe

Todayt, t = 15 billion years
T=3K (1meV)

Life on eart

Solar system

Cosmic Microwave

Quasars

Galaxy formation
E poch of gravifational collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational ins f bility

Nucleosynthesis

Lightelements created - D, He, Li t=1 secand

T=1MeV

Quark-hadron transition
Hadrons form - protons & neutrons

Background

Electroweak phase transition
Electromagnetic & weak nuclear
forces hecome differenfated:
SU(3)xSU2)xU(1] -> SU3)xU(1)

T = 10°Ge?

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G > H - SU(3IRSU2)=Ui1]
Inflation, baryogenesis,
monopoles, cosmic strings, elc.?

The Planck epoch
The quantum gravity barrier

11/9/2005
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LiIGo Stochastic Background
Search (S3)

Physical Review Letters, In Press

20 | | Fraction of' Universe’s' i
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LIGO

Observational Constraints
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LIGO

S5 Plans: Inspiral Searches

« The following searches will be “fast-tracked”
» Binary Neutron Star Search
» Binary Black Hole Search

« Targets for the analysis:

» First stage triggers generated in real time at LHO, LLO and by GEO
using Onasys

» Trigger summaries available via DMT monitor in control room

» Latency on this will be about 10 minutes

» Coincidence and chi-squared test performed at central location with
latency of about 1-2 hours

» Background estimation automatically handled in coincidence step
» Injection runs running side-by side with main searches

» Coherent follow up of candidates with latency of 1-2 hours

» Group will follow up accidentals
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LIGO LSC

S5 Plans: Burst Searches

« Searches that will be fast-tracked

» Prompt follow up in the gravitational-wave channel of GRB and other
astronomical triggers
» All-sky, all-times search (untriggered searches)

— Online “high threshold” search, gold plated event detection search or
upper limit
— Offline deeper search
— Distributional analysis
» Prompt (minutes, hours) detector characterization
— Establish data quality
— Event-by-event vetoes
— Establish criteria for detection confidence
— Support online “high threshold” search
— Characterize outliers in near real-time
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LIGO S5 Plans: Continuous Wave | IRS] @

Searches

« Following searches that can be “fast-tracked” , but not online

» Time-domain searches for known objects
— Updates ~ 1/month

» Incoherent methods
— Blind all-sky,wide-band searches. Monthly results for internal consumption.
— But deeper searches will not be available on this time scale

« Online daily fast scan of data without Doppler modulation
correction. Computational cost negligible.

« (Goal: deepest, blind, wide-band search : hierarchical also with.
Einstein@Home
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LIGO S5 Plans: Stochastic LSC

Searches

« Search that will be “fast-tracked”

» Accumulated sensitivity calculated on weekly basis
» GPS times that fail sigma ratio cut (-> stationarity)
» Long-term coherence calculations (weekly)

» Fast-track: H1-L1 isotropic search (6 months)

« Possible bottle necks:
» Statistically significant H1-L1 correlation!!
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