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Multi-detector burst search: motivation

The QPipeline burst search algorithm

Coincident analysis

« The gravitational wave burst search focuses on
sources with incompletely understood waveform:
« Core collapse supemovae
« The merger binary compact objects
« Gamma ray burst progenitors
« Others.

Cannot apply matched filtering since accurate
waveform is not available
Instead, search for statistically significant events

+  Difficult o distinguish signals from detector
artifacts and environmental disturbances

« Burst search greatly benefits from simultaneous
observations by multiple detectors:
« Increased sky coverage
+ Increased observation time
« Increased signal to noise ratio
« Increased detection confidence
« Source direction and waveform
reconstruction
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Increased sky coverage and observation time
of multi-detector burst searches. The wop o
figues (i D.Sig) iy he dicton dependert sensiviy

ntetero tational wave detectors o the  wo
lasatons o ravi s The figurs o o et o
wikipedia) identifes the location of the 4 LIGO and Virgo detector
sites. Mull-detector analysis fakes advantage of the wide angular
acceptance of non-aigned detectors o' provide good ky
coverage as well as improved sky posiion reconsirucion. The
lower figure displays the total observation time available during

the fLIGO's fifth
the increased observation time  provided by a multi-detector
etwork.

« The QPipeline is a multiresolution time-frequency search

for statistically significant excess signal energy

Targets gravitational wave bursts of unknown waveform

« Projects whitened data onto an overlapping bank of
complex valued sinusoidal Gaussians characterized by
central time , central frequency ¢, and Q (ratio of central
frequency to bandwidth)

Equivalent to a templated matched fiter search for

waveforms that are sinusoidal Gaussians after whitening

Measures the normalized tile energy Z, matched filter SNR

. and white noise significance P, where

In P{E =X "2

« Reports the minimal set of non-overlapping templates that
best describes the signal

" .
Sketch of the QPipeline signal space and bases
functions. The whitened data is projected onto a bank of overiapping.
compl valued snusoidl Gausslan et of s, Sce snusoil
Gau ave minmum me-fequency unceriny. the QPipelne has
el v requaney veseumin: e tevpes ats ovrpped i e,
Wecgency, and . such hat e Sgnal oss due to mismalch petveen an

ot exceed

a requested value.

The QPipeline view of a simulated 1.4, 1.4 solar mass
binary neutron star inspiral Signal. The top four paneis are
time-fréquency spectrogtams of the signal wit 4 diferent choices of Q. The
colr represents, nomalized energy, Z, whih s a measure of whte noise
signifcance and is proportonal to SN, The bottom eft panel displays the
signicant tles from al Q planes projectec onto a singe plane, whilethe lower
ight panel only the minimal set of non-overlapping tiles from all Q
pianes that best describes he signal. Ths partuiar signal s best detected at
gher Q. but oher signals may best match at koier Qs. The detectabilty of a
signal 5 determined by s peak proction onto the space of sinusodal

Reference: s. Chaterj. MIT Ph.D. thesis, September 2005

Refe

pairs of detectors:
+Temporal coincidence

+Center times 7, and
«Durations 7y and =
«Dilation factor s,
-Speed of light travel time
+Frequency coincidence

«Center times < and «rz

«Bandwidths 7 and ¢

+Dilation factor «1 ¢
Sensitivity limited by the least sensitive detector

+ Test significant tiles from single detectors for coincidence between

The union of pairwise detector coincidences provides improved overall

sensitivity due to increased sky coverage and observaion time
Estimate ent ph

accid rate using
time shifts between deleclors
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Simulated detection efficiency of coincident analysis
using different detector networks. percentage of detected signals

I an approximat
consisted of the LIGO 4km Hanford (H) and Livingston (L) detectors and the Virgo
(V) detector. The 2km Hanford detector was not considered. The union of pairwise
detector coincidences provides increased sensitvity to the tested population over
the triple coincidence case due to ifs greater sky coverage.  See the reference
below for more details.

ference: F. Beauvile, et al. in preparation, ariv:gr-qc/0701026

Coherent analysis using collocated detectors: method

Applicable to the two collocated LIGO Hanford detectors
(4 km H1 detector and 2km H2 detector)
Simple case of generalized coherent analysis
« Coherent combinations independent of sky position
« Computationally much cheaper than general case
« Cannot fully recover sky position or waveform
Forms the first stage of a hierarchical coherent analysis
Combine data to form two new data streams:
1. Optimal combination to maximize detectability
depends on frequency dependent power spectral
densities S, and S, in each detector

i
Null combination to test for consistency:

H_ = H, = H:
Require cancellation of the signal to the level of the
background detector noise or an expected residual

signal due to calibration uncertainties
Must be consider the possibility of correlated events due

N

Hanford akm (H1) Hanford 2k (H2)

Optimal sum (»«) Nl sum (1)

Collocated QPlpellne view of a simulated Insplra\
signal using the two LIGO Hanford detectors. smuated
1.4, 1.4 Solar mass binay neutron str inspial signal physically jected o
he LIGO Hanford detectors wih an optmalyorieted distance of 5 Mpe. The
Signal was detected wih Shusoidal Gaussian SRS of -12.9 and -6.9 n the
Hanford 4km (top left) and 2km (top right) e optimal

Hanford akm (H1) Harford 2km (H2) .

Optmal sum (H+) Null sum (1)

Collocated QPipeline view of a time-shifted detector
glitch observed in the two LIGO Hanford detectors. a
concident gltch observed in tme-shifid background studies that exhibis
Similar time-fequency propeties in the two Hanford detectors. n this case,
the signicant nul sum signal indicates that this signal n he two detectors s

combinaton (botom lfy provied a -10% ncrease i SNR over K fo an
of ~14.4, while the nul is consistent
it e bk decir nose

Calibration uncertainty can produice a significant residual
null stream signal for strong gravitational waves
Compare null stream significance with the significance
expected for the case of uncorrelated signals
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% S1+ 82

In practice, Z, s replaced by the normalized energy of the

reference sum H1+H2

H- events are significant if
Z =a

The parameter « fixes the false veto rate

The parameter /8 accounts for calibration uncertainty
Veto significant H+ events that overlap in time and
frequency with a significant H- event.

Veto a larger region of the time-frequency plane for highly
inconsistent H- events.

Does not exclude bursts which are detectable by the 4
km detector, but not the 2km detector

Allows for coincident detection with other detector sites
without limiting the sensitivity to that of the 2km detector

to common environment of two Hanford detectors

Hanford 4km (H1)

Hanford 2km (H2)

Optima sum (H4) Nl sum ()

Collocated QP\peIme:\ew of a strong simulated

inspiral signal using the two LIGO Hanford detectors.
Simulated 1.4, 1.4 solar mass binary neutron star inspiral signal physically
injected nfo he LIGO Hanford detectors with an optimaly orented distance of

Mpe. A residual signal i present n the nul combination (ower righ) wih
a peak sinusoidal Gaussian SR of - vesidua s ignored because i is
mich sraler han e peak SNR of 300 obseed i he opimal
combination, as well as the peak expected SNR assuming Uncorrelaled
signals (i.e., noise glw\chesl (ncx ‘shown).

Generalized coherent analysis: method

Generalized coherent analysis: simulation

« A fully coherent analysis can be performed when data is available from
three or more non-aligned detectors
+ Generalization of collocated Hanford detector analysis to arbitrary networks
+ Produce optimal linear combinations of time-shifted detector data that
maximizes the detectability of gravitational wave signals
+ Produce null linear that cancel any
signal to test for consistency
+ For each direction on the skv. the data r in the n" detector is described by:

e

« The two polarizations h. and h, of the signal
« The Antenna response F,* and F,* of the n" detector
 The noise n, in the n™ detector
+ Construct the optimal sum by projecting the data into the F., F, plane
+ Construct the N -2 null sums by projecting the data out of the F., F, plane.
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Example null stream consistency map for a simulated supernova
signal as seen by the LIGO and Virgo network. The A183G3 simulated
supernovae waveform of Dimmelmeier, et al. was injected into simulated design sensitivity

LG and Vigo detctor e wih a S olor represents the normaized null
ofchi-square value per degree of reedom. The rng-ke feaures with
Null sum T Somcaimai inty value (ohiie o egena conespond o th o ofconetan e of

e Sy ption 1 o the mersecion f e e and e e by & bk crce. See
reference below.
+ Calibration uncertainties can produce a statistically significant nul stream
+ Similar to the collocated approach:
« Construct the “incoherent energy’
energy on the assumption of uncorrelated signals
« Threshold on the ratio of null and incoherent energies
« Requires that the null stream successfully cancels some signal

N-2 dimensional _—2_»
null space

detector data

optimal sum

2 dimensional

™~ signal space b ™
Linear algebra view of coherent analysis approach. For each direction
an th ky, e dat from N detocors can b witen 25 & Inea combinaton of a dordl ’
ana componant o conoanad o e e cakin

< hos component s not consvaned. The
SR of heSignal can tereors b iz ey consaeig he rfecion of e s o he
5 imenslonalcolimn space of he amha response M, whl th rokCton o -2
imeneional Tl Space Shou b conssan i o ackgrout deetormace and ROV &
Usetlconsstey es. See reeronce o, i §

+ Testis repeated for ~10 directions on the sky

+ Magnitude of optimal sum for each direction provides significance sky mag.
+ Magnitude of null sums for each direction provides consistency sky map

+ Computationally expensive due to need to repeat for multiple directions

+ Implemented by the XPipeline coherent burst search algorithm
References: Charer, Lazzarini, Stein, Sutton, Tnt, and Searie, Phys Rev. D 74 (2006) 082005

Comparison of consistency maps for a simulated burst and simulated
detector glitch using null to incoherent energy ratio test. The lft figure
Shows the ratio map for a simulated supemova signal, while the right shows the map for a simulated
glich using similar, but inconsistent, supernova wiaveforms. The fing siructure is clearly evident in
the burst case, while the atio in the gltch map does ot go below 0.7, See reference below.

- the expected null stream signal

simulated bursts and detector glitches

with uniform distribution on the ski

into the each detector

sensitivity

— r.._

the catalog of

in each detector.

glich, al

and provide a “worst
method. See reference below.

Study performance of null and incoherent energy consistency test using
Bursts signals drawn from population of simulated supemovae waveforms
Detector glitches simulated by injecting different supermovae waveforms

Glitches are otherwise consistent in timing and in amplitude with a uniform
distribution on the sky, providing “worst case scenario” test of the method
Signals are injected into simulated LIGO and Virgo detector noise at design

Supernovae waveforms considered
in this study. The waveforms were taken from
Dimmelmei
Astronomy & Astrophysics 395 (2002) 523-542.
signals were in
and gitch population.
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Example null stream consistency test for a simulated gravitational

wave burst and a simulated detector glitch. Each pant represents the

e and ot angs oG lrecton n o k. For e St dtoctr
he
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directions on the sky producing results far from the diz

and incoherent
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g the simated ravtanonas e tere s 3 et Geperson wih som
e points corresponding (o the

i a0 of il incoheran enrgs e maked by  back k. See reference beow.

References: Chaterji, Lazzarini, Stein, Sutton, Tinto, and Searle, Phys Rev. D 74 (2006) 082005

SNR: 100

gitches were injections using a different waveform
Although the waveforms are

different, they have an appreciable inner product
case scenario” test of the

st amarzy
Example null stream consistency test applied to a population
of simulated bursts and simulated detector glitches. The ot

displays the measured null and incoherent energies of 5000 simulated bursts and 5000

ull to

The burst and gi i vl separ abov
~10 by a threshold on the ratio of null and incoherent energies. See reference below.

Fraction of bursts accepted

Fraction of glitches accepted
Receiver operator characteristic (ROC) of null vs.
energy consistency test for simulated population
and bursts. Resuls along the diagonal of the plot are expected when the algorithm

st el o accratalydtingch b Resuls in the.
region of the plot represent cases

isearding 6 Sgnae, See reference below.

0 bursis and gltches.

incoherent
of glitches

upper left
when the algorihm [ able o refect ltches wih out

Hierarchical coherent analysis | |Summary and plans

References

The hierarchical coherent QPipeline burst search .
provides:

« Performance of a coherent analysis

«  Computational cost similar to coincident analysis

+ Makes optimal use of the available detectors

+ Coincident methods are limited by the least sensitive detection, but
computationally inexpensive

+ Coherent methods make optimal use of multi-detector networks, but are
computationally expensive

+ The collocated Hanford search is computationally inexpensive subset of a
generalized coherent analysis

« A hierarchical approach can achieve a sensitivity comparable to coherent
methods for a computation cost comparable to coincident methods

Hanford 4km
Hanford 2km

Coherent methods bring two features to the detection
search:

1. Optimal linear combination of detectors for
increased SNR
2. Null linear combinations of detectors for
consistency testing .

Collocated

analysis

Generalized
Coherent
analysis

+ Due to the presence of “glitches” in real detector noise,
null stream consistency testing can significantly improve
the performance of the gravitational wave burst search

Pairvise
Coincident
analysis

Candidate
events

Coherent approaches for sky position and waveform
recovery for candidate events are under development

A subset of the hierarchical QPipeline is currently being
applied to analyze the first calendar year of data from
LIGO's fifth science run:

The hierarchical QPipeline will also be used to analyze
data from the GEO, LIGO, and Virgo network of 5 detectors

A near real-time
and will be applied to future data sets

Starts with the collocated Hanford analysis
Collocated Hanford triggers tested for time-frequency
coincidence with Livingston triggers when available
Candidate events followed up by generalized coherent
analysis when data is available from the Livingston
and/or GEOB00 detector

Agreement to begin sharing data starting 2007 May 18
Analyzing overlapping data from Virgo's first science
run and LIGO's fifth science run

search is under
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