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Gravitational Waves detectors:
Interferometers

Suspended mass Michelson-type interferometers
on earth’s surface detect space-time distorsions

produced by distant astrophysical sources ¢..o masses
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Gravitational Waves detectors:
Interferometers

suspended test masses
(“freely falling objects?”)

(heterodyne modulation)
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Heterodyne Detection

Pockels Modulate the phase of the laser light
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Interferometer arm length

Optimal arm length of an interferometer: A/4. If f~100 Hz, A=c/f=3000 km (!).

Solutions: L
Delay lines Optical cavities
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Initial LIGO Optical Scheme

- In the arm cavities: demod inc
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carrier light is resonant asym s 90 (1), (T1)
sidebands are anti-resonant

Fabry-Perot Arm Cavities

- Phase of carrier is sensitive
to the arm length change,
sidebands are not sensitive

Light bounces back
p and forth in the arms
~100 times
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Reading the signals
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LLO 4k Optical Layout
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LIGQO Detectors

1.2 m diameter
50 km of weld

LIGO-G00193-00-%




GW detectors: noise sources

Two kinds of noise sources, different solutions:

 Displacement noise :
seismic noise, brownian motion,... independent of arm length,
but picked up in each “bounce”.

— make the interferometer long!

“Generic” PSD:
~10-21 — -19 X ) ]
h~10-%%, 3km =>x <10 m seismic
 Readout noise: oh*(f)
shot noise, radiation pressure, shot
laser amplitude and frequency noise, ... thermal
h~10-21 => $~10-10 rad frequency

Shot noise ~ 1/AN
— use many photons of a very quiet laser!



Gravitational Wave Detectors:
Thermal noise, a hot Issue

Mirrors are in equilibrium at room temperature:
they have thermal fluctuations that translate into displacement.
The spectral density is given by the Fluctuation-Dissipation theorem:

0 _4kBT % N4kBT Pw
T = M o (A=) + 9

Need mirrors with low dissipation,
hanging in low dissipation wires,
attached with no-dissipative clamps...
or lower temperatures!

Flo) x( )




Gravitational Waves detectors
counting, recycling, squeezing photons

Interferometry limit: photon counting noise ~ 1/AN

For 6¢~10-19 rad, we need ~ 100 watts on the mirrors :

no stable CW laser can do that (yet).

Use optical cavities to “recycle” the light in the interferometer.

We can play the game up to a point, where we meet the uncertainty
principle:

radiation pressure.

A quantum optical dream:
Inject squeezed states that beat the shot noise

Another strategy:
use another optical cavity to recycle the
gw signal out of the interferometer!



Gravitational Waves:
a fight with Newtonian gravity

At low frequencies, we are limited by seismic noise
exciting the mirrors. _ :L‘(w) 1
LIGO uses massive seismic isolation systems;
GEO uses multiple pendulums;

VIRGO uses cascaded, suspended, isolation systems.

zo(w) (11— w?/wg)? + 42

Lia i Even if seismic noise is
Ve g beaten, it produces
T gravitational gradients:

"l e the ultimate limit to Earth-
iy o ey based detectors at low
S0 i % frequencies.
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Are we there yet’P
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Advanced LIGO
Improved subsystems

Multiple Suspensions

Low loss Optics

Active
Seismic

Higher Power Laser

Signal Recycling Configuration



Advanced LIGO ~2010

R o oy (R O { BNS range, rates:
R Upper Limit Kalogera et al, astro-ph/0312101
Astrophys.J. 601 (2004) L179-
1o 22 L182; Erratum-ibid. 614 (2004)
L137
e
¥ e initial L1GO:
= 20 Mpc,
10723 1/30yr (<1/8yr)
e advanced LIGO:
350 Mpc,
\ Lo 1/2day (> 2/yr)
10024 | LS M J20M, - g
_ . N\ HH/BH Merger, =1 e .
10 20 50 100 200 500 1000
gr-qc/0204090 fmgosnoy (]

Cutler, et al Proceedings of GR16 (Durban, South Africa, 2001)



Searching for
gravitational waves: networks!

* Interferometric detectors:
ground and space-based.

 Bar detectors: cylinders,
spheres.
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New eyes for physics
and astronomy: LISA

Unresolved
Galactic
Einaries
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Gravitational Wave
Interferometers: course outline

.  Ground-based Interferometric detectors
a)  Signal extraction
b)  Noise sources
c) Detector characterization
d)  Advanced designs
e)  Other GW detectors:
. Space based interferometers
. Bar detectors
1.  Astrophysics with GW detectors:
a)  Astrophysical sources and signatures

b) Data analysis techniques and LIGO Scientific Collaboration
results



LSC Data taking runs

Four science runs in 2002-2005, with increasing

sensitivity and duty cycle:

S1 (fall’02) : published results (4 papers in PRD, 2004)
— 100 hours quadruple coincidence: L1, H1, H2, GEO

S2 (spring’03) : results appearing now (PRL 2005, gr-qc)

— 300 hrs triple coincidence: H1, L1, H2 sar Tt nepomn
— 250 hrs coincident with TAMA SKY 'jJI *ﬂ“']*_f
— 150 hrs L1-A_LL_EGRO | &TELEEE{IFE -
— Search for coincidence with Gamma Ray Bursts == P .
S3 (spring’04) : analysis to finish soon
— 265 hrs triple coincidence: L1, H1, H2
— 78 hrs with GEO

S4 (spring '05) : several searches done
In real time! J
— 400 hrs quadruple coincidence ’:im,

CESERING IUMTER
BUILD AN ELEGANT
TELESCOPE MOUMT




Gravitational waves sources

GWs are produced by accelerated masses, and do not interact with
electromagnetic radiation (or almost anything else)

Gravitational wave sources:

e periodic sources: rotating stars (pulsars) Vo ikTmenanda
« inspiraling sources: binary systems e ———
 burst sources: supernovae, collisions,

black hole formations, gamma ray bursts?...

o stochastic sources: early universe, unresolved sources...

A hard job: calculating these waves from Einstein’s equations and
astrophysical scenarios. Numerical relativity groups all around the
world (here in Morelia too!) are working hard on this. A race in
progress!



Astrophysical Searches
with S1 Data: Upper Limits

Compact binary inspiral:

Phys Rev D 69(2004) 122001

Pulsars in our galaxy:

>
8)
c
Phys Rev D 69(2004) 082004 g
o
Cosmological Signals 2
Continuous Waves ANRARRARAARAD
e B e e Y “ || || ” “ ” “ || ll ||| ||| ||| ||| |“| ||I|||
Phys Rev D 69(2004) 122004 W

Transients:

time

Phys Rev D 69(2004) 102001

In all cases: coincident observations among multiple detectors “




Gravitational waves: burst sources

Brief transients: unmodelled waveforms
Time-frequency search methods
Coincidence and consistency of signals
Result: a detection, or upper limit on rate

Untriggered searches: compact binary system (SN1987A Animation:
NASA/CXC/D.Berry)
coalescences...

— Slsearch: First upper limits from LIGO on gravitational wave bursts, The LIGO Scientific Collaboration:
B. Abbott et al.; Phys. Rev. D 69, 102001 (7 May 2004); gr-qc/0312056
— S2search: Upper Limits on Gravitational Wave Bursts in LIGO’s Second Science Run; gr-qc/0505029

Triggered searches: use “external” triggers (GRBs,
supernovaes)

— A Search for Gravitational Waves Associated with the Gamma Ray Burst GRB030329 Using the LIGO
Detectors, The LIGO Scientific Collaboration: B. Abbott et al; gr-qc/0501068




LIGO searches: GRB030329

A supernoval z~0.17~ 800Mpc away %
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rate [events/day]

LIGO searches (S2):
untriggered burst sources
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Gravitational wave search
for inspiral sources

* Neutron Stars binary systems:
— Astrophsyical reach: maximum detectable distance (H1, L1):
« S1:50, 180 kpc; S2: 1, 2 MPc; S3: 6, 2 Mpc; S4: 16, 16 Mpc
— Searches finished: S1, S2; S3 and S4 in rapid progress
— Upper limit for galactic rates (S2): R<47/yr

— Analysis of LIGO data for gravitational waves from binary neutron stars,
The LIGO Scientific Collaboration: B. Abbott, et al,
Phys. Rev. D 69, 122001 (2004)

— Search for gravitational waves from galactic and extra—galactic binary neutron
stars, The LIGO Scientific Collaboration, 2005, gr-qc 0505041

« MACHO search
— (S2): galactic halo rate R<65/yr

— Search for Gravitational Waves from Primordial Black Hole Binary Coalescences in the
Galactic Halo, to appear in PRD 2005, gr-gc 0505042

» Black Hole search in S2, S3 data:
In progress
— Use a phenomenological family of templates
— In principle, seen farther than BNS!
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Search for BNS inspiral

SOQUICEeS

No detection! But simulations from up to 1.5 Mpc away were
“detected” in S2.

hstance

Blue ||ghl I.lllll]l'lihll:v.'

Detected/Injected

Name {kpc) relative to Milky Way with p* > 89 =

Milky Way | HR6/686 =

LMC 49 0.128 2757

SMC 5% 0,037 58 ! :

NGC6822 490 0.01 0/4 o El{f’;' T 1 3
NGC185 620 0.007 1/3

MI10 815 0.018 5/100 4 1
M31 770 2421 108/1791 P RESURRIRRE. SP WEPRTII 1R £ |
M32 805 (L.019 9/129 E

IC10 825 0.031 1/10 L A Sl e e S g R
M33 840 0.319 9/219 el
NGC300 1200 0.052 1/40 /_ __ _: ;
M=1 | 400 0. 196 1/147 3o {;1 ; ,;_
NGC55 1480 0.175 2/122 Effective Distance {Mpc)

Effective distance of sources considered,
and cumulative number of galaxies searched
for in S2.



S2 BNS search

'’ ; e 52 final sample
[ v Expected background

o Smulated injechons I ’
*  Time=lag tnggers ||
== odified statistc b L

False alarm coincident triggers, o . . :
and simulated injections 50 60 70 80 90 100

FIG. 8: The number of triggers per S2 above combined SNR p".



Gravitational wave sources: pulsars

Rotating stars produce GWs if they have asymmetries T
There are many known pulsars (rotating stars!) that could produce GWSs

In the L1IGO band.

The spindown is used to set strong indirect upper limits J
on GWs.

There are likely to be many non-pulsar rotating stars producing GWs.

GWs (or lack thereof) can be used
to measure (or set up upper limits on)
the ellipticities of the stars.
GW Searches can be done:
— in the frequency or time domain;
— coherently or incoherently;
— targeted, or blind.




Gravitational wave searches: pulsars

o S1: Setting upper limits on the strength of periodic gravitational waves
from PSR J1939 2134 using the first science data from the GEO 600
and L1GO detectors (PRD 69, 082004, 2004)

e S2: Limits on gravitational wave emission from selected pulsars using
LIGO data, PRL 94, 181103 (2005), gr-gc/04100007
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You can help us find
gravitational waves!

http://www.physics2005.org/events/einsteinathome/

Download a cool
screensaver that
looks for
gravitational waves
from rotating stars!




Gravitational Wave sources:
Stochastic Background

A primordial GW stochastic background is a prediction
from most cosmological theories.

Given an energy density spectrum ©, (f), there is a strain
power spectrum:

) 3HZ . .
Sew(f) = mqrnz -3QF’¥“’(JC)

h(f) = SH2(f) = 5.6x10722 hygo v/ <1OOHZ>3/2 Hz'/?
The si¢ = f

different detectors: L1-H1, H1-H2, L1-ALLEGRO... the
closer the detectors, the lower the frequencies that can be
searched.




LIGQO search for a Stochastic
Background: S3

h(f) = SH2(f) = 5.6x107%2 hygo v/ Qo (
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LSC Data taking runs

Four science runs in 2002-2005, with increasing
sensitivity and duty cycle:
o Sl (fall’02) : published results (4 papers in PRD, 2004)
— 100 hours quadruple coincidence: L1, H1, H2, GEO
o S2 (spring’03) : results appearing now (PRL 2005, gr-qc)
— 300 hrs triple coincidence: H1, L1, H2
— 250 hrs coincident with TAMA n-.T Eﬁﬂrﬁrm-
— 150 hrs L1-ALLEGRO ' :
— Search for coincidence with Gamma Ray Bursts
e S3(spring’04) : analysis to finish soon
— 265 hrs triple coincidence: L1, H1, H2
— 78 hrs with GEO
o 5S4 (spring ’05) : several searches done
in real time!
— 400 hrs quadruple coincidence

e S5:start ~ Dec 2005, :
for ~1 yr integrated time: e gl
keep posted for progress and results! BUILD AN ELEGANT

TELESCQFE MOUNT




For more information...

www.ligo.org

www.ligo.caltech.edu

gr-gc: search for “L1GO” as author

GW sources:
— Cutler, Thorne, et al 2001 GR15 proceedings (gr-gc 0204090)
— Kalogera et al., AstrophJ 2004 (astro-ph 0312101)

“Fundamentals of interferometric gravitational wave detection”, Peter
R. Saulson, World Scientific

Jim Hough and Sheila Rowan, "Gravitational Wave Detection by
Interferometry (Ground and Space)”, Living Rev. Relativity 3,
(2000):
Caltech's Physics 237-2002Gravitational Waves: AWeb-Based Course
Kip S. Thorne, Mihai Bondarescu and Yanbel Chen,
http://elmer.tapir.caltech.edu/ph237/
“Other” references:

— American Museum of Natural History: www.sciencebulletins.amnh.org

— “The unfinished Einstein’s symphony”, Marcia Bartusiak

— “Gravity’s shadow”, Harry Collins



