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Gravitational Waves and LIGO

Image credits: K. Thorne (Ca/tech), T. Camahan (NASA/GSFC) '




Einstein's Vision: LSCy
General Relativity (1916)

Gravity is not a force,
but a property of space-time

"Mass tells space-time how to curve,
and space-time tells mass how to move.”
John Archibald Wheeler

Einstein's Equations:

When matter moves, or changes its configuration, its gravitational
field changes. This change propagates outward as

a ripple in the curvature of space-time. a gravitational wave.
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Newton's Universal Gravitation
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A New Probe into the Universe

Gravitational Waves will give us a
different, non electromagnetic view
of the universe, and open a new
spectrum for observation.

This will be complementary
information, as different from what
we know as hearing is from
seeing.

EXPECT THE UNEXPECTED!

Gravitational Waves carry
information from the bulk motion
of matter.

With them we can learn the
physics of black holes, spinning
neutron stars, colliding massive
bodies, and gain further insights in
the early universe.




Astrophysics with
E&M vs Gravitational Waves

E&M

GW

Accelerating charge

Accelerating aspherical mass

Wavelength small compared to sources
=» images

Wavelength large compared to sources
=>» no spatial resolution

Absorbed, scattered,
dispersed by matter

Very small interaction;
matter is transparent

Frequency > 10 MHz and up

Frequency < 10 kHz

Dipole Radiation, 2 polarizations
(up-down and left-right)

Quadrupole Radiation, 2 polarizations
(plus and cross)

Very different information, mostly mutually exclusive




When a GW Passes Through Us...

..we "stretch and squash” in perpendicular
directions at the frequency of the GW:

Leonardo da
Vinci’'s
Vitruvian man

If the Vitruvian man were 4.5 light years tall with feet on hearth and head
touching the nearest star, he would grow by only a ‘hairs width’

To directly measure gravitational waves, we need an instrument able
to measure tiny relative changes in length, or strain h=AL/L




GWs are Hard to Find:
Space-Time is Stiff!

Einstein’s equations are similar to equations of elasticity: T = (c*/8mG) h

c*/8mG ~ 102N is the space-time “stiffness” (energy density/unit curvature)

The wave can carry huge energy with miniscule amplitude: h ~ (G/c#) (E/r)

For colliding 1.4M neutron stars in the Virgo Cluster:

| =quadrupole mass distribution of source
M ~ 1030 kg
R~20km mmp H ~1(0-2
F ~400 Hz
r ~10¥ m
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Initial goal: measure difference in
length to one part in 102", or 10-1® m

Light seen by the photodetector

in normal conditions:

when the mirrors move:

NN
+ =
PN NI NP .

beam splitter e uiied Hanford Observatory Livingston Observator
4 km and 2 km 4 km interferometer
interferometers L1

H1 and H2 10

\/ photodetector




Giant "Ears”
Listen to the Vibrations of the Universe

Beam patterns:

SL(?)
F+Fx:[-1,1] F = F(t; o, 5)

T =hO)=Fh(0)+Fh(1)
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Science with LIGO: LSC)]
Sources Lurking in the Dark

Binary systems —

— Neutron star — Neutron star
— Black hole — Neutron star

— Black hole — Black hole =~ ——
“Burst” Sources T

— Supernovae

« Gamma ray bursts

Residual Gravitational Radiation
from the Big Bang

Periodic Sources
— Rotating pulsars
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Mitigation of Noise Sources

.d-| — 10000 W |

10W Nd-YAG laser
Fabry Perot Cavities

Power Recycling | B
250 W -

Use low loss materials
Work away from resonances
Thin suspension wires

Passive isolation stacks
Pendulum suspension
Active isolation at LLO
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Despite some obstacles along the way...
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.LIGO meets its experimental
challenges
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Science Run b

Strain Sensitivity for the LIGO Hanford 4km Interferometer

S5 Performance LIGO-G060051-00-Z
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Binary Neutron Stars:
a Measure of Performance

The inspiral waveform for BNS is known

|11
||,II||,I,|,IgIrIH Wi ||I|||HH”||"||

A rrrr rlrlIII1F '
Al I "”WMM analytically from post-Newtonian approximations.
We can translate strain amplitude into (effective)

distance.

———H106/03/13 - 14 Mpc |
L106/06/04 : 14 Mpc |

| NSINS Inspiral Range

" |=——H206/06/18:7 Mpc_|

Range (Mpc)

T0=06/02/2007 01:48:46

Range: distance of a 1.4-1.4 M binary, averaged over orientation/polarization
Predicted rate for S5: 1/3year (most optimistic), 1/100years (most likely)
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LIGO Hanford

— H1: 401 days of data
—— H2 : 391 days of data

Science-mode statistics for S5 run

Up to Apr 08 2007 19:21:05 UTC

Elapsed run time = 12483.4 hours = 520 days
------------------------ Whole run so far ---=======-=---
Sample Hours Duty factor

H1 9340.1 74.8 since Nov 4, 2005
H2 9644.3 77.3 since Nov 4, 2005
L1 7784.5 63.6 since Nov 14, 2005

H1+H2+L1 6108.4 49.9 since Nov 14, 2005
(H1orH2)+L1 7054.2 56.5 since Nov 4, 2005
One or more LIGO 11124.5 89.1 since Nov 4, 2005
One ormore LSC 11841.6 94.9 since Nov 4, 2005

1 week running average
Nov 8 Jan 31 Apr 25 Jul 18 Oct 10 Jan 2 Mar 27
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Progress in Sensitivity

Average distance for detecting a coalescing neutron-star binary:

Milky Way Andromeda Virgo Cluster
(8.5 kpc) (700 kpc) (15 Mpc)

Sept 2002 March 2003 now
[ ~1 galaxy ] [ ~2 galaxies ] [ ~103 galaxies ]

1 light year = 9.5x107? km
L160-6070251 -00 1 pc = 30.8x10" km = 3.26 light years
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Pulsars : Compact Binary Inspirals

Stochastic Background

LIGO-6070251 -00
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Binary Systems

We know gravitational waves emitted from compact binary systems exist:

Neutron Star Binary System
« separated by 106 miles
*mq=1.4Mp my =1.36M¢o

Exact match to general relativity
« spiral in by 3 mm/orbit
* shortening of orbital period

Gravitational waves carry away energy and angular
momentum. Orbit will continue to decay

AR
AL AR
AT Y

I
VUV UV

Gravitational wave emission will be strongest near
the end




Ringdown

frequency

STRAIN AMPLTUDE

Inspiral chirp:

* Amplitude and duration only
depend on the masses m, and
m, and the lower cutoff
frequency.

Neglect spin for now

D¢ effective distance, depends
on the physical distance r and on
orientation of the binary system;
Des>r

Method: matched filter,

: { o "L 1111+ coincidence between detectors, vetoes
Credits: John Rowe Animation




S4 Upper Limits for
Binary Coalescences

Rate/L,, vs. binary total mass
L,,=10" Lone (1 Milky Way =1.7L,)
Dark region excluded at 90% confidence
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unmarginalized
. marginalized

.marginaliz.ed

3 35 4 45 5 35 6 10 20 30 40 50 60

L rotnt yans 1-_ Total Mass (M) Total Mass (Mg)

Total Mass (Mg)
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Astrophysical Sources: Bursts

Uncertainty of waveforms complicates the
detection = minimal assumptions, open to
the unexpected

Method:

Coincident excess power in time- X ™
frequency plane or cross-correlation A ax
Data quality/vetoes

AN, e . Swift/
Léd""",'.? HEOLEO LETE2
L Y IPN/
LIGO-6070251 -00 RXTE/RUESS] PN *_INTEGRAL
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%0 Exclusion Curves from S1 1o S5 FS&

Sine-Ga_ussian waleforms, Q=8.9 [\/H /\ I
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) Covnd el v v vl
0-22 1 0-21 1 U-Eﬂ 1 0-19 1 0-13 1 0-1? 1 0-13
h... [strain/NHz] PRELIMINARY

* Detection algorithms
tuned for 64-1600 Hz, duration << 1 sec

* Veto thresholds pre-established before looking
at data (blind analysis)
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H 16Mpc

Virgo
cluster

® 10kpc

typical
Galactic
distance

Frequency [HZz] PRELIMINARY

Fora 153 Hz, Q =8.9 sine-Gaussian, the S5 search can see with 50% probability:
~2x108 Myc?  at10 kpc (typical Galactic distance)
~0.05 Mg c? at 16 Mpc (Virgo cluster)




Pulsars : (Compact Binary Inspirals

Stochastic Backgrouid

LIGO-6070251 -00




Dana Berry/NASA

B

Continuous Waves

10 S —
. : Estimated joint sensitivity E
J. Crelghton : over ten months of S5
.| ___Joint design sensitivity for
) : 1 year of data
*  Upper limits for ten months of S5
R . Expected upper limits
, for ten months of S5

v spin-down ULs

S5 expectations:

Best limits on known pulsars ellipticities at few x10-7

frequency (Hz)

Hierarchical all-sky/all-frequency search 31




O The Einstein@home Project

http://www.einsteinathome.org/

User: Doris and Jens
Total Credit: 378.22
Host Credit:  256.70
Team: Mardlichter
FPercent Done: 60.53%

Einstein@Home

Search Position

Ra:
DEC:

252.93
6011

LIGO-6070251 -00

Users and
Computers

April 12, 2007

USERS

in database

with credit

hours

HOST
COMPUTERS

in database

Approximate
#

254,240

163,178

Approximate
#

669,973

86.6 TFLOPS
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Astrophysical Sources:
Stochastic Background

Cosmological background: Big Bang and early universe
Astrophysical background: unresolved bursts

TTUNASA, WMAP

CMB (10*12s)

S5 sensitivity:
Cosmic GW background
o™ 10 bilion limits expected to be near

T YEARS 5
S 100,000 ~
Planck Time 1 SECOND YEARS QGW 1 O

1 0-43SECONDS .
= below the BBN limit
Space & Time
of our universe

-BaNG
SINGULARITY

Big




Pulsar
Timing|, = oo LIGO S4: Q,< 6.5x10°5

(newest)

synthesis

Initial LIGO, 1 yr data
Expected Sensitivity

Adv. LIGO, 1 yr data
[\ Expected Sensitivity
Inflation ~ 1x10-9

| | |
Slow-roll EW or SUSY %\
‘ Phase transition

18 16 14 12 10 -8 -6 -4 -2
Log(f [Hz])

LIGO-6070251 -00
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LSC
#q—low do we avoid fooling ourselves? "ﬁj

Seeing a false signal or missing a real one

e.g. coincidence between interferometers at 2 sites for inspiral and burst
searches, external trigger for GRB or nearby supernova.

Pulsar ephemeris, inspiral waveform, time difference between sites.

Seismic/wind: seismometers, accelerometers, wind-monitors
Sonic/acoustic: microphones

Magnetic fields: magnetometers

Line voltage fluctuations: volt meters

« Hardware injections of pseudo signals (actually move mirrors with actuators)
« Software signal injections
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— 0 Enhanced LIGO Gt e LiGOWLSC_}

100 million
a d light years - .

Advanced LIGQ__*
~2014 &
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How does the Number of Surveyed *j
Galaxies Increase as the Sensitivity

IS Improved?

From astro-ph/0402091, Nutzman et al.

Power law: 2.7

For NS-NS binaries

So if we push the strain noise
down by a factor of 2, we have a
factor 6.5 increase in the number

of surveyed galaxies

€= To/Tosmo Proportional to inspiral range

LIGO-6070251 -00




LIGO timeline

‘07

Other interferometers in operation (GEO and/or Virgo)

» The first science run of LIGO IS in progress
— Hundreds of galaxies now in range for : T

. A 1
1.4 Mg, neutron star binary coalescences | Enhanced LIGO . - =

~2009.
« Enhancement program 7
— In 2009 ~6.5 times more galaxies in range AN i) b

o ikl
« Advanced LIGO ko
— Construction start expected in FY08
— ~103 times more galaxies in range
— Most probable BNS rate 40/year in ~2014

The science from the first 3 hours >
of Advanced LIGO should be Advan e
comparable to 1 year of initial LIGO "
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#0 Advanced LIGO: President Requests
FY2008 Construction Start

Seismic ‘cutoff at 10 HzB{Uss

o
N
)
=

=

Quantum noise

(shot noise +
radiation pressure) . —
. . — Susp. thermal
dominates at i internal therrmal
. E [— Quantum noise B
most frequencies : |

Equivale

= Total noise

S FESANSATF CONM [ECF PONG NN DU O

| kHz 10 kHz

LIGO-6070251 -00




- . Vela Spindown
*, Upper Limit
o
‘ﬂ-

LY
(Y

L]

\‘t :::"f A
L

Kip Thorne
10 20

¥ Crab Spindown
Upper Limit

20M,/20M,,

~ BH/BH E!L-f'}:u: £=1
50 100 200
frequency, Hz

From ~20 Mpc to ~350 Mpc
From 1/100y(<1/3y) to 40/y(<5/d)

From ~100Mpc to z=2

From e = 3x10° to 2x108

From Qg ~3x10% to ~3x10°




An International Quest:
Ground-Based Detectors

300 mirterferometer

Explorer, CERN
1 Bar detector

Baton Rouge LA
1 Bar detector

@ 1983-1997 Microzoft andiorts supplers. Al rights reserved.

Interferometers
And Resonant Bars

LSC)

INFN Legnaro, ltaly
1 Bar detector

Nautilus, Italy
1 Bar detecto
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These are exciting times!

We are searching for GWs at unprecedented sensitivity.
Early implementation of Advanced LIGO techniques helped achieve goals:
HEPI for duty-cycle boost
Thermal compensation of mirrors for high-power operation
Detection is possible, but not assured for initial LIGO detector

We are getting ready for Advanced LIGO

Sensitivity/range will be increased by ~ 2 in 2009 and another factor of 10 in
~2014 with Advanced LIGO

Advanced LIGO will reach the low-frequency limit of detectors on Earth’s surface
given by fluctuations in gravity at surface

Direct observation: Not If, but When
LIGO detectors and their siblings will open a new window to the Universe:
what’s out there?

www.ligo.caltech.edu
www.ligo.org




Stay Tuned!
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Vacuum for a Clear Light Path

¢ LIGO beam tube (1998)

1.2 m diameter - 3mm
stainless steel

50 km of weld
20,000 m3 @ 10-8 torr
LIGO-6070251 -00

Corner Station




Suspended Mirrors

10 kg Fused Silica, 25 cm diameter and 10 cm thick
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Passive Seismic Isolation System

i ¥

-

XN

Tubular coil springs with
internal constrained-
layer damping, layered
with reaction masses

Isolation stack in chamber

LIGO-6070251 -00




7, :
#OAc’rive Seismic Pre-Isolation for a LLSQJQJ
Special Livingston Problem: Logging

RMS motion in 1-3 Hz band The Livingston Observatory is
located in a pine forest popular

_ with pulp wood cutters
night o . Spiky noise (e.g. falling trees)
Livingston - in 1-3 Hz band creates

/ : dynamic range problem for
- -' arm cavity control

—~~
S
~
]
-
)
&
®
o
©
Q.
2.
O

The installation of HEPI (Hydraulic External Pre-Isolator), for
active feed-forward isolation (Advanced LIGO technology) has
sensibly improved the stability of Livingston: can lock in day time!

LIGO-6070251 -00
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Model /

dependent!

Ott, Burrows,

Dessart and
Livhe, PRL 96,
201102 (2006)

=
=

PR e
b (=] =

hy @ 10 kpc

TABLE I. MODEL SUMMARY.

; d
Egw

b.c . 3
J)r*‘chalr. max f (hchau'. ]TlEl,‘(J
(107 "M yc?)

i\.ra |h+,malx|b
(10721 (Hz)

Model (ms) (10721

sITWW 1045 1.3 22.8 654 0.16
S2SWW 1110 50.0 2514.3 937 824.28
ml5b6 927.2 1.2 19.3 660 0.14

11 M, progenitor (s11WW model)
= reach = 0.4 kpc

25 M progenitor (s25WW model)
= reach = 16 kpc

2! o0 Order of Magnitude Range Estimate
for Supernovae and BH Mergers

Frequency

0.46 15 kiz

fpeak ~ m ~ (A[f /A[O)

Baker et al, PRD 73, 104002 (2006)

Assuming ~3.5% mass radiates in the
merger:

10+10 M, binary = reach = 3 Mpc
50+50 M binary = reach = 100 Mpc
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