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LIGO The Opening of a New Observational
— Window on the Universe

e LIGO, VIRGO, GEO, TAMA ...

— 4000m, 3000m, 2000m, 600m, 300m interferometers built to
detect gravitational waves from compact objects
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‘LIGO Ultimate Goalsfor the
- Observation of Gravitational Waves

» Tests of Relativity
+ Black holes & strong-field gravity (ringdown of excited BH)

+ Spin character of the radiation field (polarization of radiation from
CW sources)

+ Wave propagation speed (delays in arrival time of bursts)
« Gravitational Wave Astronomy

+ Compact binary inspirals

+ Gravitational waves and gamma ray burst associations

+ Black hole formation

+ Supernovae in our galaxy

+ Newly formed neutron stars - spin down in the first year

+ Pulsars and rapidly rotating neutron stars

+ LMXBs

+ Stochastic background
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LIGO Observing the Galaxy with Different
Electromagnetic Wavelengths

http://antwrp.gsfc.nasa.gov/apod/
image/SagSumMW _dp_big.gif

A=5x10"m

http:/fantwrp.gsfc.nasa.gov/apod
/image/xallsky rosat_big.qgif
A=5x101m

http:/fantwrp.gsfc.nasa.gov/apod
/image/comptel_allsky 1to3 big.qgif

A=6x101m

Wide-Field Rac
G

http:/Awww.gsfc.nasa.gov/astro/cobe
A=2x10%m

http://cossc.gsfc.nasa.gov/cossc/
egret/

A=1x10%m

[Irsd-www.nrl.navy.mil/7213/lazio/GC/

A=9x101m
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LIGO The Opening of a New Observational
Window on the Universe

e Galileo Galilel, 1610

— Improves on an invention by Hans
Lipperhey to build a 9X telescope

! Discovers the “Gallilean” moons of Jupiter

http://es.rice.edu:80/ES/humsoc/Galileo// http://photojournal.jpl.nasa.gov
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LIGO  The Opening of a New Observational

Window on the Universe
- Wide-Field Radio Image of the

o Karl Janksy, 1933 i,
alactic Center

B BUIIdS a radlo antenna array to SgrD HII g™ . X=9Q cm
study interference in transatlantic woon & S e

SNR 0.9+0.1

telecommunications wn—""N

I Discovers radio emissions from the Sgrm/' L e
galactic center T2 A

New Feature:
The Cane
A ——Background Galaxy

> Threads

New thread: The Pelican

' ( SgrC  Coherent \

structure?

Nl

Mouse «

SNR 359.0-00.9 \

SNR 359.1-00.5

~0.5¢
~75 pc

~240 light years Tornado (SNR?)
“

http:/Awww.lucent.com/museum/1933rt.html

/Ihttp://rsd-www.nrl.navy.mil/7213/1azio/GC/

LIGO-G010259-00-E
LIGO LABORATORY CALTECH



LIGO The Opening of a New Observational
Window on the Universe

e Penzias & Wilson,1963

— Track down excess antenna noise

— . I Observe the cosmic microwave background
2 . radiation (CMBR)

el A - http:/Awvww.gsfc.nasa.gov/astro/cobe/cobe_home.html

North Galactic Hemisphere

-100 K IHE
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South Galactic Hemisphere

http:/Avww.lucent.com/museum/1964bang.html

1 +100 uK
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LIGO The Opening of a New Observational
Window on the Universe

» Klebesadel, Strong & Olsen (LANL), 1969

— Review of Vela 5 satellite data from 1967.07.02 shows a y

event of non-terrestrial origin
! Discover y—ray bursts (GRBs), X-ray sources

2512 BATSE Gamma-Ray Bursts

+90

107 10 10° 10°
Fluence, 50-300 keV (ergs cm™®)

http://science.msfc.nasa.gov/newhome/headlines/ast19sep97_2.htm

LIGO-G010259-00-E http:/Avww.batse.com/
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LIGO
| nterferometer GW Antenna Pattern

 Omni-directional - multiple detectors, lots of signhal processing to determine direction

» Extremely weak signal - lots of environmental, instrumental monitoring to determine
validity

LIGO-G010259-00-E
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| nterferometer Data Channels

Gravitational waves _>

Laser Fluctuations ™=
Thermal Noise ™=
Electromagnetics —

*All interferometric detector
projects have agreed on a
standard data format

*Anticipates joint data analysis

¢ IGO Frames for 1
interferometer are ~3MB/s

*32 kB/s strain

~2 MB/s other
interferometer signals

~1MB/s environmental
sensors

*Strain is ~1% of all data

LIGO-G010259-00-E

Seisms —>

W Sign=l

Channal 1

Channel 2

Channel 3

Channzal n

GPETirme
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I

Strain
Common mode signals

Alignment signals

Acoustic signals

Seismometer signals

F rame 1

Frame=2

Frame 3

Frame 4

s Eublg

AL DS |

gleulg
L= =L N LT

geubig

FNIRAS Y EDH
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LIGO

Mathematical Interlude ...
Random Processes & Signal Noise

* n(t)is arandomly varying signal
— Gaussian process:

o1 ‘(2;2‘)2 <n>=u:jnP(n)dn
W= o © -

<n®>=0c°+u’= jnzP(n)dn
— Can assume u=0 without loss of generality_
« Ensemble averages, time averages

T _ lim 1 T2
— Time averge: <n)>=__ 7 Jn(t)dt

-T/2

— Ensemble average:  <N~p= JnP(n)dn

— Stationarity: yu,o, etc. do not véry with time

— Ergodicity: Probability distribution of n(t) over along period T is
the same as P(n) at one instant, t’

LIGO-G010259-00-E
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LIGO

Characterigics of Random Processes

* n(t) is a (white) random Gaussian process; b(t) is a transient or burst process
 H(f)n(f) is a (colored) random Gaussian process; H(f)b(f) is a filtered burst process

L SE8E o Bl 800
n(t) or n(f) 06 500
0.2 200
FINITE POWER 0 200 400 N
0. 5%, 200
H(t-t)® n(t’) or H(f)n(f) 0 % 130
0.5 50
0 200 400 10 20 90
4 400
3 300
b(t) or b(f) 2 588 N
1 :%88 20 N O
FINITE ENERGY 200 400 -300
4 300
b(t-")® b(t") or b(f)b(f 3 200
(t-)® b(t') or b(f)b(f) ; Sy oA
S 1 AV
Time series Histogram Power Spectrum Autocorrelation Fn.
of data [avg of 100
Qutliers! ) il samples of n(t)]

-4-20 2 4

LIGO-G010259-00-E
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LIGO

Mathematical Interlude ...
Fourier Transforms of Time Dependent Signals

» Continuous-time A= [Roe™at=r RO)
(infinite time duration) R(t) = Tﬁe(f)ezﬂ"“df = F[R(f)]
FF[R)] = Rt) => §(t—t') = ]:e‘z’“'f“‘t')df

_ _ T5(t—t')dt =1
e Discrete-time =

(finite time stretch T) 'i(fi)=gR(tn)e‘m”NEF [Rt)] 5 & =nAt="5

N-1 . A
R(t,) =Y R(f)e™™ " Af =F 7[R(f)] ; f =KAf=
i=0

FF[R(E)] = Rt) =,

e Computational cost to perform transform (FFT): 5 N log, [N]

— 100 s of 1024 Sample/s data: 8.5x10° floating point operations (FLOP)
— To keep up with data: 85 kFLOP/s (kFLOPS)

LIGO-G010259-00-E
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LIGO

Mathematical | nterlude ...
Useful Theorems and Formulae

eParseval’s Theorem _[R(t)zdt ="Integrated Signal Energy"

oo oo

 Translation: = [ Rehye" a1 [ R(F)e™" et
N _oift o R
F[R(t +1 )] - R(f)e _ :de"df{li(f)li(f")}jezm(f+f")tdt

—00—00

o Useful identity:

A(T)=fA'(~f) for real n(t) :iﬁ(f)‘zdf
» Convolution . Autocorrelation
o(r) = Ta(t)b(r—t)dt R,(7) = _Za(t)a(ﬂt)dt
&(f) = [z [t ab(r—t)e ™ t=-t 25(1)= [RE@e™"dr

- = ) = [dr [dt a(t)a(r +t)e™™"
¢(f) = |dt'b(t)e ™ |dt a(t)e>™" E = |
_L L = [dt'a(t )e™™ [dt a(t)e™™"

&(f) = a(f)b(f) e
LIGO-G010259-00-E LIGO LABORATORY CALTECH



LIGO

Mathematical Interlude ...
Property of an Ergodic Gaussian Process

« Different Fourier components of n(t) are independent of each other:

(n(fyn" (1)) = < [n(tye"dt [ nt + T)eZ’ﬁf'<t+f>dr>t
= jdt'j(n(t +7)n(t)), e’ " Idr
:Jdtue—ZM(f—f')tIR1(T)627rif'rd,c
=3.(F)o(f - 1)

LIGO-G010259-00-E
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LIGO

Data Flow: Pre-processing

Reduced data tape

= [ O]

Data Acquisition:
*Whitening filter
sAmplification
*Anti-aliasing

*A/D

—

A

Pre-processing
& Conditioning:

*Dropouts
«Calibration
*Regression
eFeature removal
eDecimation

6 MB/s 4
Master data tape

LIGO-G010259-00-E

Strain
reconstruction

LIGO LABORATORY CALTECH

Data analysis
Pipelines
(Template Loop)

16



ADC Counts

LIGO

Data Pre-processing:

removing instrumental effects

» Cross channel regression will be used to improve signal to noise ratios
when possible (need adequate SNR)

Correlation Between Channel IFO_DMRO (X=Y,) and
The Other 11 Enviromental Channels

"yl | Slow pzt

|, | mode cleaner visibility

Raw channel data (40m prototype) | T
R T O N0 | DAY O D OV
= Ll T Aot |
Sa (t) §a( f ) w,«“x‘fuw,mJ'L i | AT PEIY 4*»..“\«“v~'\‘ﬂw ‘Ln‘:v M } " ‘,l-‘ " M'r‘h‘%
| | | | |
() = s,(f) R e bbbl kil
a | | | i | |
S (s (t+7)= Ry(7) & Su(F) ¢ S T s Ml e st
kS
6 1 ‘ 1 | ‘ I 1
8 1 | | ‘ | | |
b et l " Lcl l‘ o
3 [ | | [ [ [
: R OV L A P
Two Data Channels E, | | | | | | | |
£ | | I I | | |
S A s S
! | ‘ \ | \ !
L | | I I |
160 M,JW\\W\ s ! VT PR BN I T |
120 y TN RN TR N S NN
0 60 120 180 240 300 360 420 480
80 Frequency(Hz)
40 - Environmental channel (Y2) 1
ol
40 4
120 q
160 Channel of interest (X) (
200 ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250
time (sec)

LIGO-G010259-00-E

ref: Allen, Hua, Ottewill (gr-qc/9909083)
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$0) (&) ;
— M(f)-
é;(t))‘:(é;m) W )(éo

Cross channel
spectral correlation

8, (F)
§(f) §(f)

arm1 coil driver

()=

arm2 visibility

arm1 visibility

bizible | TTL locked

seismometer

mode cleaner

dc strain

.| microphone

magnetometer

Estimated Channel of Interest (X) after Decoupling
(time Domain)

20
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LIGO

LOCKING

| nterferometer Transients --
Examples from 40m Data

Real interferometer data is UGLY!!!
(Glitches - known and unknown)

NORMAL

RINGING

LIGO-G010259-00-E

ROCKING

LIGO LABORATORY CALTECH
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T [FO outpul

LIGO “Clean up” data stream

Histogram of Raw Data

40 meter IFO output w anginel dete
18 Mov 1884 run 3 T
10° }
i i-
Wt b
300 uﬂ o ey ﬂ_?. = q‘-4 . I31F~ “ TR -ali.'i; ;
nme [(sec:) i
i
Effect of removing sinusoidal o

artifacts using multi-taper methods

LIGO-G010259-00-E
LIGO LABORATORY CALTECH

elispsps

Non-
Gaussian
tails!

b RN S S
=1024 i 1024

ADC value (12 bit, signed)

Non stationary noise
Non gaussian tails

- 2048
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CPU RATED MFLOPS

LIGO

10000

LIGO Data(Pre)-Conditioning

Computational Costs

Data Pre-Conditioning Compute Requirements

(processing 4 seconds of data for a single search)

1000

100

10

8 16 32 64 128 256

Number of IFO Channels Involved

—— 512 Hertz

— 2048 Hertz
—— 8192 Hertz

——1024 Hertz

—— 4096 Hertz
4-Way Pl Xeon:550M Hz :1 G B512KB

LIGO LABORATORY CALTECH

Pre-Conditioning steps involved:

— 64K samples of input data
per channel

— Data Drop-Out Correction
on 10% of data.

— Line Removal of 64 lines.
— Calibration of GW channel.
— Resampling (see legend).

— Linear Regression using all input
signals.

Roughly 4-8 unique searches expected to
be active in LDAS.

20



LIGO
| nterferometer Strain Signal (Simulated)

Dominated by narrowband Design LIGO I limiting strain sensitivity
(“violin resonances” of 1% 4 kilometer arms
suspension wires”)
150000 10° Loy \\ e
100000 ™\ —EEE
1" 4 \ =i
50000t ) \ Quartm Lt
S10%
i »
0 4 0 0 10/0 1 g]_o“
-50000¢ Siom L S S——— | L
-100000F la10 = g ‘
10” -
10% TS : \ =
20 A
(
1000 10000
Frequency [Hz]
10
0.3
1 il
0.2
-10 0.1
-20 R0 40 6|d 30 IL1Q 1RQ
. -0.1
Broadband noise spectrum
-0.2
-0.3
LIGO-G010259-00-E Chirped waveform

LIGO LABORATORY CALTECH



“Hico

Detections vs. Observations

e |t Is “easier” to detect than to quantitatively observe
Single-pixel SNRs -> 0 1 2

| | |
0 5 1015 20 25 30 0 5 1015 20 25 30 0 5 101520 2530

4 16

0 0
0 5 1015 20 25 30 0 5 1015 20 25 30 0 5 1015 20 25 30

LIGO-G010259-00-E
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“Hico

Detections vs. Parameter Estimation
o |t IS “easier” to detect than to quantitatively observe

Single-pixel
SNRs -> O 1/8 1 2 4
30 o . 30 30 30
25 25 25 25
20 20 20 20
15 15 15 15
10 10 10 10
5 g A AR 5 5
0= - 0L - 0 o 0
0 5" "15202530 0 57777202530 0 51777702530 0 51 n2530 0 51015202530
8 16 32 BIG

30 30 30 30
25 25 25 25
20 20 20 20
15 15 15 15
10 10 10 10

5 5 5 5

0 0 0 0

0 51015202530 0 51015202530 0 51015202530 0 51015202530

LIGO-G010259-00-E
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LIGO
Detections vs. Parameter Estimation

o It Is “easier” to detect than to quantitatively observe

y - shift

5
HixelsL, 3 4

Logl0 dntegrated_SNRD
500

19

1
8 . . Overlap ;g
6 -4 -2 0 2 a Log2a&singlePixelSNRD Integral

N = NOisg,
d =noisy data;
T =noiseless template

2
X - shift 3 4
Zd(i,j)T(i,j) pixelsL
NR=—1 A, A]) = DTG DTG + AL+ A))
2L, )TL ) )
] ® Effect on Integrated SNR of
® Integrated SNR == Sum over entire (unknown) shift between noiseless

image after it is multiplied by signal and template
noiseless signal (template) ® Shift +/- 1 pixel kills correlations =>

need 322 templates to cover a 32x32
pixel image...

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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“Hico

Detections vs. Parameter Estimation

snaech AL 1S “easier” to detect than to quantitatively observe
ingle-pixe

SNRs > O 1/8

0 517, 702530

16

30
25
20

15

10

5

= 0 0

B
0 51015202530 0 51015202530 0 51015202530 0 51015202530

0

LIGO-G010259-00-E
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LIGO
Detections vs. Parameter Estimation

e |t Is “easier” to detect than to quantitatively observe

y - shift 5
Log10 dntegrated_SNRD mixelsL, 3 4
100
10 B}
1.
1
. . erlap 0.5
6.4 -2 0 2 4 LochslngIePlerSNFﬁlﬂtegral
0
N = NOisg,
d =noisy data;
T =noiseless template
, 2
>, di, )T, j) xoshift =34
NR= " L xelsL .. .
] ® Effect on Integrated SNR of
® Integrated SNR == Sum over entire (unknown) shift between noiseless
image after it is multiplied by signal and template
noiseless signal (template) ® Shift +/- 1 pixel reduces correlations

=> need 322 templates to cover a

LIGO-G010259-00-E 32x32 pixel image...
LIGO LABORATORY CALTECH
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LIGO

Optimal Filtering and Signal Processing

« Measurement s, (may contain) signal h, contains noise n:

s(t) = h(t) + n(t)
(n(t))=0; (h)=oT(t—1t,);

« oT,(t-ty) is one of a family of fiducial (expected) waveform or templates of
type i with unknown time origin t, and amplitude o .

 Design optimal correlation filter,Q, that maximizes chance of detecting T in
SO cty) = [st-t)Qud:

(€)= [aT(t- Qe

= o [T(f)e™™ Q' (f)df N=C—(C); (N)=0
hel <N2 _ >—<C>2
= jﬁ(f)@*(f)dfjﬁ(f')é*(f')df'>
= [ df [df*Q"(F)Q"(f')(A(F)A("))
= 2 [ S(hIQUpPdf

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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LIGO

Optimal Filtering and Signal Processing

 Maximize P(detection) => Maximize signal-to-noise ratio (SNR):

Max] SNR = %] = Max(NR)* = <<E>22>]
. _8(C _(CF8(N*)

S(NR)” = <N2> B <N2>2
:<2|\<|_2C>>2(<5c><N2>—<C><N5N>):0

(8C)(N?) = (C)(NaN)

e Variation and maximization is with respect to optimal filter, 8Q:

(C)=a [T(f)e*™qQ (f)df
(6C) = o ]of(f)e—zﬂ"“osc“g* (f)df
(N?) =3 [S.(QU) e
(NON) = 5 [ (DN (f)df

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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LIGO

Optimal Filtering and Signal Processing

*Equate LHS, RHS:

- (C)N*)=(C)(NeN)
T(He™ | [S,(fIR(F P | = S(NHQUD| [ T(F)e ™ Q ()

*Require coefficients of [...] to be equal:

_'I;(f)e—szto =S,(1)Q(f)=>| Q(f)= T(fs?(e;)m 0

Optimal filter for this problem!

*Check that [...] ==[...] with Q(f) from above:

(U yFdr]2= [ T(r)e @ ()] vesu

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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LIGO
Matched Filtering with Templates

< §()T* (f) .
C(to {p}) :_J‘S( ;‘({?})( )emetodf

» C(ty:{p}) is a family of derived correlation time series

— {p} Is a set of parameters used to characterize the templates T
+ Intrinsic parameters: masses, other GR parameters

+ EXtrinsic parameters: distance, orbital inclination, phase, position
in the sky, ...

+ Dimensions of {p} can be HUGE (e.g., 10* - 10°) if one wants a
reasonable certainty of detecting a weak signal with unknown
parameters

— If statistics of noise n(t) are sufficiently well understood , it is
possible to make a confidence statement of the likelihood that
a certain value for C(t,) is due to a signal characterized by
{p}, and not noise alone.

LIGO-G010259-00-E

LIGO LABORATORY CALTECH
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Sciencein LIGO |
Data analysis plan

uGo

Compact binary inspiral: “chirps”
— NS-NS waveforms are well described
— BH-BH need better waveforms
— search technique: matched templates

Supernovae / GRBs: “bursts”
— burst search algorithms — excess power; time-freq patterns
— burst signals - coincidence with signals in E&M radiation
— prompt alarm (~ 1 hr) with v detectors [SNEWS]

Cosmological Signals “stochastic background”
— Search technique: optimal Wiener filter for different models

Pulsars in our galaxy: “periodic”

— search for observed neutron stars (freq., doppler shift) - matched filters
— all sky search (computing challenge)

— r-modes

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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Sources of Gravitational Waves

LIGO Closely orbiting compact stars

Inspiral of Neutron Stars

“Chirp Signal”

green 10" g;‘;mj !
yellow
red l
purple _ 1t
blua 10® g/em? No
ol
"El'
-1t
0ls 0.6 0.7

T (sec)

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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LIGO Sources of Gravitational Waves
Supernovae

Pre-supernova star

Collapse of the core

Interaction of shock

with collapsing envelope

neutrinos emitted

::::::' light emitted

Star brightens byru 109 times

LIGO-G010259-00-E
LIGO LABORATORY CALTECH

gravitational
waves
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0 Supernovae
Gravitational Waves

Non axisymmetric collapse ‘burst’ signal
B
5]
= e
N0
= B
o
S -6
S
Rate ® S
1/50 yr - our galaxy - N
3lyr - Virgo cluster 16 ] —

tirne [ms]

LIGO-G010259-00-E
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LIGO Sources of Gravitational Waves
The Big Bang

‘Murmurs’ from the Big Bang
Signals from the early universe: Gaussian white noise (hiss) that is

correlated among multiple detectors in predictable manner (frequency,
orientations, etc.)

Gra
AvEFsTATiDNAL £ EARTH
e YTRINOS pHDTDmg Now Cosmic
2 A, microwave background
SR
o3 e » e
o _ >
05 10 billion
100.000 YEARS |
Planck Time 1 SECOND YEARS N . COBE DMR
10-43SECONDS \ e 4 YEAR DATA
Singularity -
creates
Space & Time

of our universe

LIGO-G010259-00-E
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Sources of Gravitational Waves
LIGO The Rotating Deformed Neutron Stars

(Pulsars)

Pulsars (e.g., Crab Nebulaa 1054 AD) Supernovae (e.g., SN 1994I)

Continuous waves Optical observations
: SN19941 Optical Image by Brian Schmidt (ANU)

® Periodic sources last “forever” have AM and FM due to motion the earth
® ook for these signatures
®Depend on sky position of source
® Sources will have intrinsic variations ( spindown)

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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LIGO

Frequency-Time Maps (“ I mages’)

SETI@home uses frequency-time
analysis methods to detect unexpected
or novel features in otherwise
featureless “hiss”

LIGO-G010259-00-E
LLLLLLLLLLLLLLLLLLLLL
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Frequency-Time Characteristics of GW Sources

frequency

oooooo

time

999999

LIGO-G010259-00-E

frequency

sssssss

999999

ime
LIGO LABORATORY CALTECH

Bursts are short duration,
broadband events

Chirps explore the greatest time-
frequency area

BH Ringdowns expected to be
associated with chirps

CW sources have FM
characteristics which depend on

position on the sky (and source
parameters)

Stochastic background is
stationary and broadband

For each source, the optimal
signal to noise ratio is obtained
by integrating signal along the
trajectory
oIf SNR >> 1, kernel e |signal|*2
°If SNR <1, kernel e

=~ =~ 4%x107° [template* signal| or

|signal* signal,|
*Optimal filter:
kernel e 1/(noise power)

38



LIGO
Optimal Wiener Filtering

e Matched filtering (optimal) looks for
best overlap between a signal and

" (f) S(f) 2

a set of expected (template) signals ép[t‘:]_J :

In the presence of the instrument
noise -- correlation filter

* Replace the data time series W|th
an SNR time —
series

e Look for excess
SNR to flag
possible
detection

LIGO-G010259-00-E ' o
LIGO LABORATORY

S(f)

°df
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LIGO

Get overlapping
data segment

v

Pre-processing

v

Time window
taper

v

FFT
data segment

Reduced
data stream

Data Analysis Flow

Display/record
events

Remaining
templates?

?

Broadcast
candidate event(s)

NO

Change in
noise floor?

Update template
parameters & noise floor

A

Perform
peak detection

A

Inverse FFT

7y
Multiply kernel
by p template

A

.

>

Compute
kernel

Data Loop
LIGO-G010259-00-E

Template Loop

GFLOPS

LIGO LABORATORY CALTECH

Compact Binary Inspirals

5p[tc] = 2.[

S.(f)

IOEGI.

Binary Inspiral Template Compute Requirements
(estimated per interferometer with 8x overlap)

Baséd oh fo:rm:ahsm of
Oowen, Phys Rev. D53 (1996) PN
Owen&Sathyaprakash Phys. Rev D60(1999)§ PN

:Non hlerarchlcal Search

— 512 Hz Bandwu:lth :
——— 1024 Hz Bandwidth| ! ; ; i :

2048 Hz Bandwidth| | | | |
——— 4096 Hz Bandwidth| | | | | |

1

Minimal Mass (Solar Mass Units)

10

e Process data at real time rate

* Improvements:
— Hierarchical searches developed

— Phase coherent analysis of multiple

detectors (Finn, in progress) 40



LIGO

Recent CPU Node Performance

Real FFT Performance on Pentium Class Processors
(using FFTW opfimized for Penfiums with GNU’s gcc)

21 22 23 24 25 26 27 28 29 210 211 212 213 214 215 216 217 218 219 220 221 221

1200
Real-time Diagrostics Codes i
1000 4
800
[72]
o
3 600 _
= Astrophysics Search Codes
400 . >
200
i | 111

<
<
-
N
©
N

524288

2097152 F
4194304’

Sample Size

‘l AMD K7:12Ghz:512MB256KB  m IntelP4:1.3GHz256MB 256KB B IntelQuad Pl Xean550MHz:1024MB:512KB

Pipeline analysis of LIGO data computationally dominated by cost of Fast Fourier Transforms (FFT).
— Non-Hierarchical Binary Inspiral Search spends an average of ~90% of CPU cycles performing FFT.

Most practical/efficient data segment size as much as 220 points for Binary Inspiral Search.

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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LIGO

CPU RATED GFLOPS

Computation for Binary Inspiral Search Using 1.5GHz P4’s
(8x overlap, no hierarchy, 10% detection loss, 10% efficiency for FFTs)

Computation of Templated Binary Inspiral Search

10000 \
N
1000 \&\
\\E\\
N N~ T
100 =N
RN
10 N T~
\\\\\\
1 \\\\\\\
A
§\\\\
01 ‘\ \\
\\
001 im0 OoN®92 696500902 0009 o
CO0OO0O0OO0O0OO0O0O S NG 5O IO H50922s 9 5
-~ N&®d Yo
Minimal Mass In Binary
—— 512 Hertz 1024 Hertz 2048 Hertz 48 P4 Nodes @1.5GHz

LIOU-OVLULVIVVU L

LIGO LABORATORY CALTECH

Non-Hierarchical Search for
NS-NS Inspiral (1.4Mg, 1.4Ms)
~ {15, 32, 67} GFLOPS.

512 Hertz band is adequate for detections
(blue curve).

Hierarchical strategies expected to
decrease cost by 5x to 30x.

Ringdown Search estimated to be roughly
10% as costly.

Other searches (excluding all-sky pulsar
search) are single node compute
problems.
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LIGO Detection Efficiency

|U|onte Car|o Z§tat|st|ca|$ tec|in|q ues are neea ea to c|iaracter|ze comp|ex aetectlon pr05a5|||t|es

L1 . T . T r T r T
e Simulated inspiral
events provide end to |
end test of analysis 1 '
and simulation code =
for reconstruction 2
efficiency £
e Errors in distance g2 T
measurements from S
presence of noise are ol |
consistent with SNR |
fluctuations

a-n ' '1'{:_ | _.2'n ' 3"10, ' :4'3 | 50

injecled distance (kpc)

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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LIGO Setting a limit

Quanhfahve Science. mang a pI’OBaBIhSEICS Statement

about the likelihood of an observation (or lack thereof)

IRYANN | | { | Upper limit on event rate can be
2 : Loudestevent | | yatermined from SNR of ‘loudest’
§ 100t event
P
-‘é 0 Limit on rate:
2 4l R < 0.5/hour with 90% CL
€ = 0.33 = detection efficiency
5 T 8 g 10
signalto ndise rafio . o
HELMBGRIR An ideal detector would set a limit:
e prObAbIY (Y 561 .2)=1% R <0.16/hour
probabilityy, =43 5)=10%
~-— probability(y>41.6)=32%

LIGO-G010259-00-E
LIGO LABORATORY CALTECH

44



LIGO

Acquire data series
of length T®

First pass:

Search entire range
inf and A using
threshold  p\Y

List of
"candidate sources":

bins f and patches A that

exceed threshold  p™®

Acquire more datato
atotal length T@

Second pass:

Search only binsin f and
patchesin A around
candidate sources, using
threshold p?

List of

"verified sources':
bins f and patches A that
exceed threshold @

ref: Brady & Creighton gr-qc/981204

LIGO-G010259-00-E

CW Sources
Hierarchical (Constrained) Search

©
—

@)

01

.o Relative sensitivity

~—

0723
0724
0725

litude h
S — = =

g“l 0723
cl10?4
oo™
+10-26

510723

LIGO LABORATORY CALTECH

(i) r
(ii) core
— _ (iii) binary

T T TTTIT T T TTTT T T TTTT I TTTTTH

mode

1011

1012 1013 1014 1015 1016

Computing power (flops)

r-mode

«F ,‘/ 3

\HH‘ I \HHH‘
\.

Core

Binary

%
é
%

10 100
Frequency (Hz)

1000
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LIGO
Search Approaches for Other GW Sources

» Burst events (unmodeled) St = [ dt dt"s (t—t )O(t"—t')s, (t — t")
+ Cross correlate detector outputs ’ N
over narrow time window Qe)=[df e he, (T)Ng (1)
+ Look for excess power S(fNS(f)
+ Use environmental vetoes ref: Finn, Mohanty, Romano gr-qc/9903101

+ Look for few parametric templates (e.g., wavelets)
+ CPU: Workstation(s)

: o & (£ (a)
» Stochastic background search Sy =T | 5 (D% (TDy ()
+ Correlate & integrate signals from pairs of fin S (F)S(T)
interferometers ref:
+ Look for excess power in band consistent with Chistonsen, 1062
baseline separation f\ﬁ”n”g?enaégii gr-qc/9710117

+ CPU: Workstation(s)

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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LIGO-T990101-E
LAL Specification

L1GO-T990097-E
wrapper APl Requirements

www.lam.org
LAM version 5.6.1

L1GO-T990086-E
mpiAPI Requirements

L1GO-T990002-E
dataConditionAPI Requirements
FFTW version 2.3.1

CLAPACK version

LIGO-T980115E
manager APl Requirements

LIGO-T980117-E
frameAPI Requirements

LIGO-TY7
LIGO-VI Rﬁ%@éﬂe%&%ﬁc&?&n

FrameCPP Version 4

LIGO Data Analysis System
Software Block Diagram

FILTER DATABASE

LIGO ALGORITHM LIBRARY (LAL)

C++ WRAPPER C++ WRAPPER C++ WRAFPER C++ WRAPFER

MESSAGE PASSING INTERFACE API

Software Block Diagram

USER

LDAS
USERS

APIs

DATA CONDITION ' EVENT MONITOR CONTROL / MONITOR
AP _ AP API

FRAME DATA API |

FRAME 'O LIERARY METADATA YO LIBRARY

L1GO-T990101-E

LIGO-T980119-E
LDAS Database Tables

metaDataAPI Requirements

LIGHTWEIGHT KO
LIERARY

LIGO LIGHTWEIGHT

DATA

L1GO-T990023-E

GUILD
TCL/TK GUI

UNIX Sockets (TEL NET)
User Commands (TCL)

L1GO-T010052-E
datal ngestionAPI Requirements
“In Development”

L1GO-T010051-E
diskCacheAPI Requirements
“In Development”

L1GO-T000026E
controlMonitor APl Requirements

L1GO-T990037-E
lightWeightAPI Requirements

www.apache.org
C++ XML Parser Library

LIGO-Lightweight Format 47



Smple Inspiral Pipeline Example
— —
m— -

‘ LDAS
E-Mail Components
Job Status,
locat(;on o?rfsul!s used by MPI
Mock Data
Anonymous FTP, Web Server, E-Mail Challenge

messages

UserAPI connects to managerAPI and starts pipeline.
managerAPI assigns assistant manager to control job.

frameAPI reads frames into the LDAS system, down-selects and sends
data to the dataConditionAPI.

dataConditionAPI pre-conditions data and forwards this to the
wrapperAPI under the control of mpiAPI.

wrapperAPI performs template based search using a dynamically loaded
shared object.

eventMonitorAPI receives search results and directs events to the
metaDataAP| where they are placed in database.

eventMonitorAPI sends user data products from search to
lightWeightAPI where they are sent to user via FTP or URI commands.

managerAPI notifies user via email of job completion.

O LABORATORY CALTECH
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LIGO
Coincidence windows among detectors

* Rejection of statistically uncorrelated random events
+ Coincidence window duration determine by basdines

1.x10° | LLO 4 km
100000,
10000, |
1000, | L 2\
100, |
10, |

| izt GOAL

0.1

0.01 |
0007
0.000] |
0.00001 |
w108}

False alarm events per decade

o 5 10 20 50 100 200 500 1000

LIGO-GOL0259-U0-L Background events per hour per interferometer
LIGO LABORATORY CALTECH



—LIGO Event Localization With An
Array of GW I nterferometers

Global Distribution of Major Inteferometer Sites
LIGO Transient Event Localization LIGO+VIRGO Transient Event Localization

SOURCE _/

LIGO+VIRGO+GEO Transient Event Localization LIGO+VIRGO+GEO+TAMA Transient Event Localization|

SOURCE _
cosf=ot/(cD,,)

A6~ 0.5 deg

1 D 2

LIGO-G010259-00-E

LIGO LABORATORY CALTECH
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LIGO  Joint Data Analysis Among GW projects
From detection to validation

* For a putative detection:

Environmental, instrumental vetoes?

(At, AQ. ): Seen by all detectors within consistent (time, position)
windows?

Ah:: Is the amplitude of the signal consistent among detectors*?
Aoi: Are the deduced model parameters consistent?

* Follow up analyses

+ Independent h - A
+ Coherent multi-detector analysis -
maximum likelihood over all detectors: {t,Q2,h,o}
» Discrepancies should be explainable, e.g.:
+ Not on line
+ Below noise floor
+ *Different polarization sensitivity, etc.

InA(h.6,)— InA(h.d)

o) =Gy E<r]]:|;®r]i>

LIGO-G010259-00-E
LIGO LABORATORY CALTECH
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