LIGO =TI S C

Reducing False Alarms in Searches for Gravitational
Waves from Coalescing Binary Systems

Andrés C. Rodriguez
Louisiana State University
M.S. Thesis Defense
Thesis Advisor: Professor Gabriela Gonzalez
6.20.07
LIGO-G070394-00-Z




LIGO

Outline

« LIGO

» Sources of Gravitational Waves

« Data Analysis for Coalescing Binary Systems

* Methods to Reduce False Alarms - x2 Veto, ré Test
* LIGO S3 Primordial Black Hole Search

* Conclusions

6.20.07 02



LIGO LSC

Laser Interferometer Gravitational Wave Observatory (LIGO)
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LIGO Improved Sensitivity, |l
LIGO Science Runs
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LIGO

* periodic signals: pulsars

Crab pulsar (NASA, Chandra Observatory)

* burst signals: supernovae, gamma ray bursts

 stochastic background: early universe,
unresolved sources

NASA, WMAP

* compact binary coalescing (CBC) systems: neutron stars,
black holes
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LIGO

Coalescing Binary Systems

LSC

» General Relativity predicts the decay of the binary
orbit due to the emission of gravitational radiation.

» Waveforms can be well approximated by
2nd order post-Newtonian expansion.

Non -spinning waveforms parameterized by:
» masses: m,,m,, total mass M, or reduced mass u
» orbital phase ¢ & orientation v
» position in the sky: 6, ¢ 1
F, = —5(1 + cos? ) cos 2¢

h(t) = Fihy(t) + Fchy(t) « = cos fsin2¢

1+cos?e (GMN [ t.—t \"* o ‘
h(t) = 5 (czD) (SGM/&) X cost[2¢0. — 20 (t —t.; M, u))

G te—t \* .
hx(t) = cost ( czj\g) (SGJ\A/C") X sin¢[2¢. — 2¢ (t — t.; M, p)]

x107'

8 -
___BNS1.4-14M__  Waveform
solar
6
4
2
0
-2
-4
-6
-8 -
0 5 10 15 20 25
Time (s)
gX 107
___BNS1.4-14M_ _ Waveform
solar
6 L
4 L
2
= \/\/\/\/\/\/\/\/\/\/\/\/\/\/\/W\/\/\/
ot ,
4t
-6}
-8 :
0 0.1 0.2 0.4 0.5

0.3
Time (s)



LSC
LIGO
Coalescing Binary Systems I

* Effective Distance:

D D

eff —
\/F_‘E(l +cos?1)?/4 + FZ(cost)?

. 3/5
. : mym
Chirp Mass: M ( ( | 1 2)2)1/5

« Symmetric Mass ratio n: myms 7

= (my + my)? M
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LIGO
Matched Filtering

» Data stream searched using matched filtering between
data & template waveform: s(t) = n(t) + h(t)

_ Effective Distance:
* Matched Filter:  z(t) = 4/°° h (fzs(f) e2m’ftdf Doy — (lMpc)g
0 €

Sn(f)
 Characteristic Amplitude: _ ;  Simulated Inspral Ijection
: x |k 2
0,2 — 4/ | Z(f)’ df
o S(f)
- - - . _ 2@
- Signal to Noise Ratio (SNR): p(t) = . = 10
. . . lzmul > p* o)
* Inspiral Trigger: £ = — = & p =P
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Inspiral
Coincidence
Pipeline

LIGO

» Data Collection

» Template Bank Generation:
h(f)

» Matched Filter I z(t), p(t),
askp>p’

« 1st Coincidence (time, n, M,)

 Matched Filter 2:
¥2, r? Test

» 2nd Coincidence (time, n, M)

* Follow Up

L1 H1 H2

Generate
Template
Bank

Generate
Template
Bank

Generate
Template
Bank

| Timeand Mass Coincidence |

Filter with signal
based vetoes

Second Matched
Filter with signal
based vetoes

Filter with signal

based vetoes

Data Quality Vetoes

{ Time and Mass Coincidence J
Amplitude Consistency Tests

ﬁ:ollow Up Candidate EventsJ




LIGO

v2 Veto

LSC

Methods to Reduce False Alarms I:

pZ lps(t) — p(t)/p|?
62 — X2 ,’,2 — X_2
p+0p° p

Inspiral Trigger:

p>p o X
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LIGO

LSC

Simulated Waveform vs False Alarm

Simulated Inspiral Injection

_________________________________
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LIGO LSC
Methods to Reduce False Alarms ll:

r2 Test

« Use the r? time series (x?4/p) as a method to search for
exCess noise.

* Impose a higher r? threshold (r*?) than the search employs.

15 T ' .
» Count the number of AP At =0.9 sec

time samples (At)
above r*2 in a time
interval (At.) before
inferred coalescence

10
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5
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LIGO

Methods to Reduce False Alarms i
r2 Test Result: S4 BNS Search
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LIGO LSC

r2 Test Results:
Searches performed by CBC Group in the LSC

r? Test Results for LIGO CBC Searches

r? veto version Falsely Dismissed Injections (%) Vetoed False Alarms (%)

S3BNS 1 0.001 43.0
S3PBH 1 0.0 26.5
S4BNS 1 0.0 35.0
S4PBH 1 0.0 35.0
S5BNS (epoch 1) 2 0.001 26.9
S5BBH (epoch 1) 2 0.12 19.1

 r2 test is included in current LIGO searches:
S5 Low Mass (M < 35Mgg, ) 1 year
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LIGO LSC
S3 Primordial Black Hole (PBH) Search |

» Black hole composed with mass < 1.0 Mg, is believed to be a
primordial black hole (PBH).

- They are compact objects may have formed in the early, highly
compressed stages of the universe immediately following the big
bang.

- Speculated to be part of the galactic halo or constituent of dark
matter (small fraction).

* Binary system composed of two PBH’s will emit gravitational
waves that may be detectable by LIGO.

- A PBH binary composed of 2 x 0.35 Mg, objects would have a
coalescence frequency of 2023Hz and would spend about 22
seconds in LIGO’s sensitive band.

6.20.07 16



LIGO
S3 PBH Search i

h(f) [1/sqrt(Hz)]

« Target Sources:

Min ("‘4-’3)) MM max (""4.'_‘-_‘. ) fr (HL) Ny Dpax (S)
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o Al ' LLO4k
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| | |
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LIGO

S3 PBH Search Il - Tuning

* Coincidence Windows

mims M= (mymy)%/®
mi + mg)? (M + mg) /5

T

« H1H2 Effective Distance Cut

|H1D.z — H2D | _
. k=0.45
H1D.q SR

 Parameters Selected:

AT (milliseconds) AM, (M;) An
4 x2 0.002 x2 0.06

6.20.07

Number of Injections

400

350

- n ™~
4] o w [=}
o o o o

-
[=]
(=]

S0+

I H1D_ff - H2D ff | /H1D ff




LSC

LIGO
S3 PBH Search IV - Tuning

- Effective SNR: Pl = T ° 5

2z) (1+

H1L1 False Alarms
H1H2 False Alarms

H1L1 Found Injections :
H1H2 Found Injections | e o
H1H2L1 Found Injections| P :

EERE R I B

« Combined SNR:

SN Reff, LiH2

N
(pC)%BH = Zpgff,i
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LSC

LIGO
S3 PBH Search V: Result

* No triple coincident foreground candidate events or background

events were found.
- Number of double coincidences found (A) consistent with

measured background (+).

Cumulative histogram of Number of events vs Statistic
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LIGO

Conclusions

* r2 test greatly reduces rate of false alarms in LIGO
CBC searches.

* The r? test be incorporated into future LIGO searches:
S5 Low Mass (M < 35Mgg, ) 1 year.

« A search for primordial black hole binary systems
(M <1Mgg,) in LIGO’s S3 run was performed with
results consistent with measured background.
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BNS Waveform
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LIGO

PBH Waveform
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LIGO
BBH Waveform
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SNR
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LIGO

Injection

Simulated Inspiral Injection
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Injection vs Trigger

Simulated Inspiral Injection False Alarm
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r\2 test
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r‘2 example
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rA2 - S3 PBH
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rA2 - S5 BBH epoch 1

............... v .".‘.
k & :‘.*4.-*..
0 .

10 - 3
@ e © ]
5 -1
S 10 - = NS SR N Y
C). .............................
O ............

+
=2
g 10",
g b
@ [
E -
= 3
-+ 10 : : : : : : R ——
Hocosssiio| e False Alarms ]
+ Simulated Inspiral Injections
4 P 2
10 LI ... | r* Veto

10 10 10



LIGO

Pipeline
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LIGO LSC
S3 PBH - Effective Distance Cut
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Effective SNR - S3 PBH
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Tuning - S3PBH
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