LIGO: The Laser Interferometer Gravitational-wave Observatory
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LIGO

Who's Involved?
Cdtedh, MIT, andthe LIGO Science Coll aboration
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LIGO
The Observatories

LIGO Hanford LIGO Livingston

Photos: http:// www.ligo.caltech.edu; http://mmw.ligo-la.caltech.edu






LIGO
Gravitational Waves

« Gravitation = spacetime curvature described
by the metric tensor: ds® = g, dx"dx"

» Weak Field Limit: g, =n,, th,
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LIGO  How Does LIGO Work?

Gravitational-wave Strain: h=AL/ L

LIGO isan
“ear” on the
universe,
listening for
IND cosmic
Recycling Mirror rfﬁ.ﬁf - .

Laser Qi Photodetector vibrations.

LIGO isa
lab looking
for GW's.

Figures. K. S Thorne gr-qc/9704042; D. Sgg LIGO-P980007-00-D



LMXBs

Pulsars

North Galactic Hemisphere South Galaetic Hemisphere

Supernovae Stochastic Badkground
Photos: http://antwr p.gsfc.nasa.gov; http://imagine.gsfc.nasa.gov



LIGO h=AL/L= (G / C4)(Q/ I’) “Newtonian”

guadrupole formula.

Burst (SN at distanceof Virgo Cluster: h =
102°—104%; rate = 1/yr)

*Stochastic (Iimit Q,,; cosmic strings, BH
from massve poplll stars; h=1023-10%Y)

eInspiral (h,,, = 102%for NS-NS@ 200 Mpc;
rate= 3/yr, NS-BH; BH-BH)

Periodic (h =102 for 10 ms pulsar with
maximum dli pticity at 1 Kpc; h= 102" for 2
ms LMXB in equili brium at 1 Kpc)

Reviews: K. S Thorne 100 Yrs of Gravitation; P. R. Saulson, Fund. of Interferometric GW Detectors



LIGO

Noise Curves
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Figure: D. Sgg LIGO-P980007-00-D



LIGO
Signal to Noise Ratio

S T

N f<n?(f,) >

e h = signal amplitude

e T = observation timeor duration of signal or
period of the dharacteristic frequency of the
signal.

* N2 = power spedrum of the noise



LIGO
Sensitivity Curves
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Figures. K. S Thorne gr-qc/9704042; Brady, Creighton, Cutler, Schutz gr-qc/9702050.



LIGO

Known Posgble Periodic Sources

frit1

Pulsar Model im
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LMXBs

e Areneutron stars; the sun

compressto size of city. Compad
(2GM/Rc” ~ .2) and Utra dense
(10 g/cm?).

* Are composed of (superfluid)

neutrons, (supercondicting)
protons, eledrons, + exotic
particles (e.g., hyperons) or
strange stars composed of an even
more exotic up, davn, and
strange quark soup.

Spin Rapidly (~.1Hzto 642Hz
l.e., within the LIGO band.)



LIGO

Periodic sources emit GWsdueto...

* Rotation abou nonsymmetry axis
e Strain Induced asymmetry: ¢ = 'f'z
o Accretion iInduced emisson

» Unstable oscill ation modes




LIGO
Sensitivity Curves
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Figure: Brady I TP seminar summer 2000



LIGO

Amplitude Moduation

Figure 9. Antenna response function for an interferometric gravitational wave detector.
The interferometer is placed at the center of the surrounding box with Michelson arms
oriented along the horizontal axes. The distance from a point of the plot surface to the
center of the box is a measure for the gravitational wave sensitivity in this direction. The
plot to the left is for + polarization, the middle one for »x polarization and the right one
for unpolarized wawves.

h(t) = XIMhTM ) X = §IMhT™M ) [
h(t) = h,[0.5(1+ cos 8) cos2¢ cos2iy —cosh sin2¢ sin2y]
+ N, [0.5(1+ cos 8) cos2¢ sin2y —cosO sin2¢ cos2uy]

Figure: D. Sgg LIGO-P980007-00-D



Jeo Phase Moduation

o= [ 1,0+ fnt“)(1+%
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* The phaseis moduated by the intrinsic
frequency evolution d the source and by
the Dopper effed due to the Earth’s motion

 The Dopper effed can beignared for

T < 5.5><1O3\/30O|_|Z sec

fo




LIGO

Basic Detedion Strategy

o Coherently addthe signal
e Signa to noiseratio ~ sgrt(T)
e Canawayswinaslongas

= Sum stays coherent

= Understand the noise
= Do na exceal computational limits
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GO DeFT Algorithm

M-1N-1

X, Z Z X, Ae ~27i® g,
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ab ak
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AEIl: Schutz & Papa gr-qc/9905018; Williams and Schutz gr-qc/9912029;
Ber ukoff and Papa LAL Documentation



LIGO
Taylor expand the phase

Db =Py 0p T fa,uz,b(toq' —1,12)
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LIGoO Advantages of DeFT Cocde

* P, 1speaked. Cansumover only 16k’s

e Complexity reduced from O(MN x number of phase
models) to O(MNIog,N + M x number of phase
models).

« Unfortunately, number phase models increased by
factor of M/log,MN over FFT of moduated data.
FFT is O(MNIlog,MN x number of phase
models/MN.)

e But memory regquirements much lessthan FFT, and
easy to divide DeFT code into freguency bands and
run on @rallel computing cluster.

* Ned 1019 —10% phase modd's, depending on
frequency band & number of spin down parameters,
for no more than 30% power lossdue to mismatch.




LIGO
Basic Confidence Limit

* Probability stationary white noise will result

INn pover greeer than o equal to P;:

1-g=¢ "

e Threshold nealed so that probability of
false detedion=1-a.

P, /P, >In[N, /(1-a)]

Brady, Creighton, Cutler, Schutz gr-gc/9702050.



LIGO
Maximum Likehoad Estimator

h=F.h +Fh
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F = Zxa fe?™, G= Zxagae'2”¢ab
a= a=

f =F cos2¥ - F, sin2¥, g=F,sin2¥ +F_cos2¥

Jaranowski, Krolak, Schutz gr-qc/9804014.



LIGO

LDAS=LIGO Data Analysis Systems

Development £

LDAS Test

LOS Archive
(Caming Saan)
LDAS
Livingston




LIGO
L DAS Hardware

14.5TB Disk Cache

Beowulf Cluster




YGo | DAS Software

LIGO Data Analysis System
Software Block Diagram
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LIGO

|nterfaceto the Scientist
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