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Past work

o .
Time-frequency data analysis;
eCorrelator bank economization;
eTanaka-Tagoshi chirp parameterization;

.~Cumulative distribution of bank supremum;

Symmetry-breaking based detectors;

GW-related, last 10 years
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with TAMA (2000-)

1ol Understanding
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their imtepretation and mmplicstions fr TAMA

TAMA will commumicase o TWO s pesearch resulis related 1o dala aealysis,
and make pvailable w0 TWEO repons and internal memos relevant to the issuc
of data analysis

Any ki of pablicason aning ol of the joint collabosaiion, inclading bt mo
larated 1o ol astiches of ¢ presentstions al Conferences shall be dons
pantly @ the names of TWG amd TAMA, The coment asd [iomess for
publicaibon shall be imvesiipatsd gointly, and the partics shall come to o mutual
ApTeTmEn

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.



Five Things We Always Wanted to Know About ...
Correlator-Bank ML GW-Chirp Detection/Estimation
.but Were Afraid to Ask

Q1 - What is the best (if any) correlator inferpolation scheme [Dhurandhar, Sathyaprakash, Schutz] 7

A1 - Cardinal {(Shannon-Kotel'nikov) expansion uses near to absolute minimurn number of templates
needed for a preseribed minimal-match. Total template number reduction is = 30% at I'=0.97
(newtonian case). Statistical properties preserved ?F 'hys. Rev., D62, 124020 | EDUU_I]

Q2 - Does cardinal interpolation work with PN templates 7 What is the computational gain then 7

A2 - Extension to 1PN order straighforward. Template number reduction is = 75% at ['=0.97 .
[Phys. Rev., D62, R121101 (2000); w. Sathya, also LIGO 73337<®33 dgg J33354<B3 1

Q3 - How does this extend to post-71PN models, where the match does not depend on the source-
template parameter diferences only 7

A3 - Extension to highest available PN order chirp models feasible using globally-flat Tanaka-Tagoshi
(spin-free) parametrization. 1PN results confirmed [Fhys. Rev., Dgd, 042005, 2001, ibid., Died,
087101 (2001)].

Q4 - How does cardinal interpolation work at relatively fow minimal match levels ¥ How to place the
templates for this case 7

A4 - Tanaka-Tagoshi parametrization allows to construct optimal {(maximally sparse, regular) lattices
at any prescribed match level. Cardinal interpolation can work at low match levels too (with slightly

lesser gains). [ Phys. Rev. D&5, 102003 (2002)].
Q5 — Rigorous characterization of ML detector/estimator including covariance among correlators:
how does this affect minimal-match prescription 7
A5 — Rigorous generalization of Mohanty's formula developed and tested. Yotes for hierarchidal.
SWrr p dq|& vhp sadvhv p Ijkweh xgz ruk1

.M. Pinto, Data Analysis Research at TWG:
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Past work, contd.

TAMA MOU related (2000)-

Correlator bank economization

Main results: explicit correlator-interpolation form-
ula getting close-to-theoretical-minimum number
of correlators for a prescribed minimal match.

(200).

R. P. Croce, Th. Demma, V. Pierro, and |. M. Pinto, F. Postiglione, "Nearly

Minimum redundant correlator interpolation formula for gravitational wave
chirp detection”, Phys. Rev. D62, 124020 (2000).

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




- The Match as a QBL Function
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Past work, contd.

Tanaka-Tagoshi chirp parameterization

Main results: recipe for constructing _
PN>2 order template lattice
for any prescribed minimal match.

parameterization of post-1PN spin-free gravitational wave chirps: Equispaced
and cardinal interpolated lattices", Phys. Rev. D64, 087101 (2001)

R. P. Croce, Th. Demma, V. Pierro, I. M. Pinto, "Optimum placement of post-
1PN gravitational wave chirp templates made simple at any match level via
Tanaka-Tagoshi coordinates"”, Phys. Rev. D65, 102003 (2002)

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Past work, contd.

Optimum tiling In Tanaka-Tagoshi coordinates

'=0.92

NOTE: Different scalings used!!

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.



Past work, contd.

TAMA MOU related, 2003-

Cumulative distribution of correlator bank
supremum (ML detection statistic).

Main results: accurate approximate representation
of whole-bank supremum CDF including covariance

among nearby correlators.

.M. Pn,"How any emplae orGWcir detection? The minimal-
match issue revisited"”, CQG, 21, 4995 (2004)
R. P. Croce, Th. Demma, M. Longo, S. Marano, V. Matta, V. Pierro,

and |I.M. Pinto, "Correlator bank detection of gravitational wave chirps:
False-alarm probability, templLate density, and thresholds: Behind and

beyond the minimal-match issue"”, Phys. Rev. D70, 122001 (2004)

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Past work, contd.

Cumulative distribution of ML detection statistic etc.
[Ph.Rev. D70, (2004); CQG 20, S803 (2003); CQG 21, 4955 (2004)]
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FIG. 5. Comparison among several approximants for the cu- FIG. 6. Detectable fraction 7 [Eq. (3.8). solid lines] of poten-

mulative distribution of the whole-bank supremum vs x — tially observable sources at various false-alarm levels, vs the
number of reduced templates N, . Dashed line: crudest estimate

Iﬂgf\'r. NU]TLC]'iL‘Li] H.L['['Ll]]ﬂl.l\.‘#]'l: ]ﬂ_l [CLi]j:’Lﬂ[ﬂ]]?\. [Eq_ E?.f.]]] Inset: CIDSE’-UJJ of the knee J'egjnﬂ_ Search range
02My = M= 10M,, Ny =2, Newtonian waveforms,
Ligo-1 noise.
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Past work, contd.

Cumulative distribution of ML detection statistic
[Ph.Rev. D70, (2004); CQG 20, S803 (2003); CQG 21, 4955 (2004)]

Fraction of potentially observable
sources to go undected due to in-
sufficient minimal match

— NS — F 3 y(a, Nmax) 3 0.8 -
7 N ‘gmax) Fmax 7(0"5 N ) ) !

0.7

0.9

Crudest estimate (ignore dependence |
of threshold on N, and hence in turn .

on MM):
F 3 1 1 1 1| 1 1 1 1 1
[/ T 2500. 5000. 7500. 10000. 12500. 15000. 17500
max Na
. . FIG. 7. Detection threshold y corresponding to o = 1077
Note knee reglon |n Cu rves | obtained from different models of the no-signal cumulative
- distribution of the whole-bank supremum vs the number of

reduced templates N,. Search range 0.2M, = M = 10M,,
Ng = 2*!, Newtonian waveforms, Ligo-I noise.
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Past work, contd.

TAMA MOU related, 2000-
Time-frequency data analysis

Main results: parametric (chirps, Hough-Radon
estimator) and non-parametric (bursts, 2D Kolmo-
gorov-Smirnov test) fast/robust data sieving,
based on Wigner-Ville time-freq. representation.

M. Feo, V. Pierro, I.M. Pinto, M. Ricciardi, "Efficient GW chirp estimation
via Wigner-Ville representation and generalized Hough transform", in
Gravitational Waves, F. Fidecaro ed., World Scientific, 1997, pp. 291-294.

+ Work done for TAMA (yet unpublished))

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Past work, contd.

TF data analysis — Theoretical Background

PWV surface statistics for (piecewise) stationary
Gaussian whitened noise well understood/modeled

>

w>0,0%0,w0,l, >>1

Key to effective tayloring of WV
transform for identifying chirps;

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Past work, contd.

TF data analysis — Background, contd.

O-multiplication algorithm for dispatching WV TF
data into (discrete) OPN parameter space (Radon

transform). Approximate implementation of Moyal
Formula.

DSP implementation might hold a promise toward
real-time data sieving

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Past work, contd.

Simulated chirps injected in a TAMA noise frame
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Sendai, JP, MUE, Dec. 8th, 2000
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Past work

Binary stars with large eccentricity

Main results: fast/accurate GW waveform represent-
ations for highly elliptical binaries, including spectral
truncation error formulae.

pinary stars", Astrophys.

V. Pierro, I. M. Pinto, A. D. Spallicci, E. Laserra and F. Recano, "Fast and
accurate computational tools for gravitational waveforms from binary
stars with any orbital eccentricity”, MNRAS, 325, 358 (2001).

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Binary stars with large eccentricity PaSt WO rk

me

J _
“Universal” Luminosity Spectra - ) E i
_.-| ) Z;L;"-k |':h"=[] - 'l!:':f;lll-l"-[{l:'-:“_\, . -x[‘”"cl:" :}IM ;E : :.:.
Z:(CT/ﬂ'rg),A:“VIl—M2|/(M1+M2) “-.V-/: . __'__‘_‘____:' pry = .
N R A A i 1 QA e e A SR ARt a2
Waveforms _
hy =3 K s (n%ﬂf)- hy' = hon(l = &) " [-2(ne) + Jysa(ne) — 2 (ne)l.
. < I;'_‘;"”_,_, = 2hgn{d,ainey — Jyoaine) — 2e[J,ine) — J o ined] + (2 n)d i ne).
=1 ) -"']1
Bowy =¥ K" cos|n—r]. T 1 — A2
=) ; way 68 (H T ) R, = —dhgl yine). o =%]¥%
Spectral truncation problem - :
P P Efficient computation problem
2 THD"
THD = | 1 — 2 R = e — J . (ne),0<k<2e<1

g I l l

Closed form (Kapteyn series) Gen.zed Carlini-Meissel Expansion
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Past work, contd.

Symmetry-breaking based detectors
[ Stochastic Resonance, etc]

Main results: performance never better than std.
MF, but much cheaper and robust; wider class
of SBB detectors (Kac poly.s) under investigation.

harmonic signals”, Phys. Rev. E69, 062104 (2004).

V. Galdi, V. Pierro, and |. M. Pinto, "Evaluation of stochastic-resonance ba-
sed detectors of weak harmonic signals in additive white Gaussian noise",
Phys. Rev. E57, 6470 (1998)

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Past work, contd.
Symmetry-breaking based detectors - SR

Langevin equation w. SWG

noise & sinusoidal forcing 100 ———————
. d - :?;_15 052 _|
x=——V(x)+A4 sm(w;g+ d)+en(t), o —
dx
060 -
x(0)=x,
Double-well quartic potential: hl ]
.1‘2 X4 0.20|- .
If{x}:_ ?—}_b T! g!b:}{] 0'0-3,_;0 I -2.00 l 0.00 l 2.00 I 4.00
Average noise-induced hopping time PDF of x (A=0)
between potential wells (A=0)
2 - ¥ _
Typ= g f "dy exp[2V(y)/ €] f exp [—2V(z)/e*]dz
0 — o
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Past work, contd.
Symmetry-breaking based detectors

2N-1

Strobed signum counting: ¥.= 2 U,
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FIG. 11. Receiver operating characteristics of the nonparametric
SR detector.

FIG. 12, Recetver operating characteristics of the NCC,

1.M. Pinto, Data Analysis Research at TWG:

Old & New Directions, CALTECH, March 9th, 2005.



Past work, contd.

Radiation-pressure driven chaos in Multi-
Pendular Fabry-Perots

Main results: Chaotic dynamics and multistability
In freely swinging multipendular FP due to radiation
pressure nonlinearity w.r.t. mirror position.

V. Pierro, I.M. Pinto, “Radiation pressure induced chaos in multipendular
Fabry-Perot resonators”, Phys. Lett. A185, 14 (1994); ibid. A193, 493
(1994).

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Past work, contd.

Radiation-pressure Driven Chaos in Multi Pendular Fabry-Perots
[Phys. Lett A185,14 (1994), ibid. A193, 493 (1994).]
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. . Fl
Cavity storage time short w.r.t. pendular per 2_-<I.

[Opposite a.c.t. Aguirregabiria, Bel, Deruelle & Tourrenc, Ann. Phys. 10, 241
(1985); Phys. Rev. A36, 3768, 1987]
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Current work

Sequential detection
SIRP modeling of IFO noise

Signum-coded data

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Sequential Detection

The Rationale:

Looking for almost endless signals (e.g., PSRs)
with unknown strength, using fixed size data
may be not the best choice.

A.G. Tartakovski, I.A. Ivanova, Prob. Inf. Transm., 28, 55, 1992

S. Marano, V. Matta, P. Willett, IEEE Trans. SP-51, 385, 2003.

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Sequential Detection, contd.

-Define current log-likelinood ratio, [cor of nth sample,
> signal ON (known)

. A,=0,n=0,1,2,..

PDF of n-th sample,
signal OFF (known)

False-dismissal

False-alarm prob. prob. (prescribed)

(prescribed)

NO signal detected

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9t", 2005.




Sequential Detection, contd.

e

f(x,] Hl)]
f(x,/H,)

An :An—l +ln(

nN=n+1 |

@

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9t", 2005.




Sequential Detection, contd.

-Test ends at some (random) n=N (stopping time);
-CDF of N is known [Tartakovski & lIvanova, 1992];

-Key features: matched filter
Eq1(N) < I\@ , for the same «a, G;

VAR, (£) [ F(xIH)
Es(?)

VAR, 1(N) ~ 7o,

benefits -Dynamic re-allocation of computational resources
allowed in template-bank (ML) search;

-Straightforward implementation

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Seguential Detection, contd.

Shorter ave. time required for H, /H; decision
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Dashed line: std. MF; solid line: average ST stopping time;
Dashed-dotted line: ST stopping time 10" and 90 percentiles.

S. Marano, V. Matta, P. Willett, IEEE Trans. SP-51, 385, 2003.

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9t", 2005.




Sequential Detection, contd.

All-sky, all-frequency PSR search

Extended ML philosophy:
-All correlators implemented sequentially;

Decision rule:
- H,; : one correlator exits with H,
- Hy, : all correlators exit with Hg

Preliminary formulation

V. Matta, thesis, University of Salerno, 2001;
S. Marano, V. Matta, P. Willett, IEEE Trans. SP-51, 385, 2003.

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Sequential Detection, contd.

All-sky, all-frequency PSR search, contd.

A e e Detection statistic from
7] / o T e incoherently combined
B oo i STFT (various sizes shown).
o | I} IIIJII # | ¥
Eu.sﬁ- / i?l / / f}" a’f
gtl:ss }(’ .f# a’H / /
/ // VAR O
£ 054 / J /
c / / /
3% g /,ﬂ/ / //
S le STFT
i il Continuous lines become

dashed at T=5 years

. Matta, thesis, University of Salerno, 2001;
. Marano, V. Matta, P. Willett, IEEE Trans. SP-51, 385, 2003.

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




SIRP Modeling of IFO noise

Motivation

Real-world IFO noises non-stationary/non-gaussian;

Noise models needed to formulate (locally) optimum
detection strategies

SIRP noise models
describe a wide class of

NS/NG noises
O72. M. Rangaswamy, et al.

Structure of (locally) optimum detector in SIRP is known.
[E. Conte et al., IEEE Trans. COM-43, 47, 1995.]

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.



SIRP Modeling of IFO noise, cont.d

Facts

IFO noise (power lines & clicks removed) looks
as a (slowly) breathing-gaussian:

0= 90

But variance fluctuates randomly among
different chunks (stationarity lost).

compound gaussian

eLong series not gaussian (gaussianity

lost, but eventually stationarity recovered).

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




SIRP Modeling of IFO noise, cont.d

SIRP defined

Assume noise variance does not fluctuate across
a typical time span T.

Each and any chunk of data with size N (i.e,
duration T) can be written (k=chunk index)

@@ K=1,2,..

SIRP noise: different chunks can be regarded as
Different realizations corresponding to different
values of s drawn from the same distribution.

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




SIRP Modeling of IFO noise, cont.d

Assume sought signals shorter than T (fluctuation
scale of noise variance)

Possible Strategies

Adopt std. MF, and compute threshold from
locally estimated noise variance (GLRT, heuristic)

(SIRP') PDF of s .

Resulting detector: canonical and CFAR optimum
[Conte et al., IEEE Trans CT-43, 47 (1995)]

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




SIRP Modeling of IFO noise, cont.d

Testing & characterizing (white) SIRPs

SIRP noise m-tuples (m< N) share the following
unique properties :

21—m/2pm—1 0 . ,02
i — s — f_(s)ds
(P) F(m/z)j exp( sz (s)

0

f. (s) bein the PDF of s (the breathing factor).
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Freq[o¢]

SIRP Modeling of IFO noise, cont.d
EVIDENCE (TAMA300 DT2-R012)

Top mid & right: distribution (histogram) of polar

Bottom right: distribution (histogram) of polar radius .

Should be Rayleigh if noise were gaussian.

angles 6 and ¢ (spherically uniform, SIRP hallmark); ‘|
I| ‘II.I-
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Sighnum-Coded (1 bit) data

1-bit data coding (signum-coding) entails
huge savings in storage and CPU budget.

Trades off with improved robustness w.r.t. poorly
modeled noise features [S.A. Kassam, IEEE
Tr. 1T-22, 22, 1976]

1.M. Pinto, Data Analysis Research at TWG:
Old & New Directions, CALTECH, March 9th, 2005.




Sighum-Coded data, contd.

2000. [- C e 2000
1500. | 1500} T
= 1000. |- = 1000 2 .
500. |- 500 "“f_
K- ;
__.{_:._:- N . -\.--.--. : % W e “_l "
2000, 4000. 6000, 8000,100001200014000. 2000 4000 6000 £000 10000 12000 14000
t [bin] t [bin]

Thresholded equalized Wigner-Ville t-f image.
2PN (MACHO) chirp in TAMA-DTZ2 noise, d=24.
Left: full data; right: signum-coded (1 bit) data

IR.P. Croce, PhD thesis, Univ. of Salerno, 2001]
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Sighum-Coded data, contd.
Gaussian noise mixture
nt)=an (t)+{-a)n,(1),
n(t)=N(0,0’), 0<a<l|.,.

=

- e

Detection statistics

S = Z Yi Sk
"

20 log (dsc/dye)

H)-— H Signum coded detector vs.
#s(H) = ps(Hy) standard Matched-Filter

/ 2 Z INn additive gaussian mixture.
[os(H)+05(Hy)]/2 [R.P. Croce et al., in progress].
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Conclusions

Mission
Exploring new data analysis strategies
& sharpening old ones;

Implementation

Merging between Physicists and Engineers
Cultures and Communities;

Heard melodies are sweet
but those unheard are sweeter

[John Keats, 1795-1821]
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