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Gravitational Waves

Required by Special Theory of Relativity
* Produced by the acceleration of matter
* Travel at the speed of light
Described by General Theory of Relativity
e Linear perturbations of space-time
* Yields wave equation and plane waves
Produce a differential strain in space h
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Have two polarizations, “pius” and “cross”
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Setting the scale

 Need gaudrupolar motion of matter since there is only one type of

gravitational “charge” ] 0 P I, @I @
Luy = ‘
' dct di?

e Strongest signals are produced by relativistic motions of massive

objects . i
hS 5—— S 1007 [ —
~d C:2 M. ) \ Mpc

* The effect is extraordinarily small (and these assumptions are
very optimistic!)
e Strain amplitude varies inversely with distance

e Highest frequency given by round trip light travel time at a
Schwarzschild radius

o M
< 51 kI
U P Ve (u ) ‘
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An astronomical endeavor

« Gravitational waves interact extremely weakly with matter:
e They are very difficult to detect
 We need massive objects moving at relativistic speeds
e They are not obscured by intervening matter

* They directly probe regions of strong space-time curvature
and nuclear densities that are not currently accessible

?

Gravitational waves
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Existing evidence

 There Is already good evidence for gravitational waves!

e Observations of the binary pulsar system PSR 1913+16 by Hulse,
Taylor, and colleagues show that its orbital decay agrees with the
predicted energy loss due to gravitational radiation
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Coalescing Binary compact objects

e Eventually the binary pulsar system PSR 1913+16 will merge

* The final inspiral of binary neutron stars and potentially binary
black holes is the most likely and most well understood potential
source for gravitational-wave detectors

Merger Ringdown

Inspiral

time time

 Matched filter approach is possible since waveform is known
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Periodic sources

e Continuous gravitational wave emission is possible from
asymmetric spinning objects
 [|solated neutron stars with mountains or wobbles
« Accreting neutron stars

MHeutron star '_;_r'_

Dana Berry/NASA at frequency I'f : M. Kramer -

-y

s 8

Spin axis precesses
with frequency f,

) I
W

« Gravitational waves emitted at twice the spin frequency

e Signal is always on and can be integrated over time to increase
sensitivity and reject instrument lines

e Can place limits on ellipticity and spin down for known pulsars

LIGO-G070026-00-Z Syracuse University Physics Colloquium - 2007 February 15



Stochastic sources

 Random gravitational wave background due to either
* Relic gravitational waves from the early universe
 Ensemble of many unresolved sources
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Singularity ‘ .
creates
Space & Time

of our universe

e Search for coherent background in multiple detectors
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Burst sources

e Short duration bursts of unknown waveform
 Asymmetric core collapse supernovae

Merger phase of binary coalescence

Neutron star instabilities

Gravitational waves associated with gamma ray bursts

Unexpected sources!

Supernovae core collapse A1B3G3 at 10 kpc

Amoplitude [strain x 10'21]
|
N

30 40 50 60 70
Time [milliseconds]

e Search for coincident signals in multiple detectors
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Interferometric detectors

In vacuum to avoid light scattering Signal proportional to arm length
and accoustic noise L~4km, h~1021, AL~1018 m

. ) h =AL/L
Mirrors on pendula behave like
free masses above resonance i T~

2

test mass

B

light storage arm

ligh
£)
test mass Sorage arm test mass

test mass

beam

Cavity arms increases effective _
splitter photodetector

arm length and circulating power

Seismically isolated Recycling mirror increases
from ground motion circulating power (not shown)
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Interferometer antenna pattern

e Directional sensitivity depends on polarization of waves

“X” polarization “+” polarization RMS sensitivity

* Interferometers have a broad antenna pattern
e Cannot locate direction of the source with a single detector
e Can scan large portions of the sky simultaneously
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LIGO

LIGO Livingstoh' Observatory (L1LLO) LIGO Hanford Observatory (LHO)

T

« Laser Interferometer Gravitational Wave Observatory (LIGO)

e LIGO consists of three detectors at two observatories in the US:

 Hanford, Washington (LHO)

e Two aligned detectors: a 2 km detector and a 4 km detector
e Livingston, Louisiana (LLO)

 One 4 km detector roughly aligned with Hanford detectors
« 10 millisecond speed of light travel time
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LIGO Time line

o Starting in August of 2002, LIGO Iinitiated periods of science
runs separated by periods of commissioning work.

1999 2000 2001 2002 2003 2004 2005 2006
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Initial LIGO Sensitivity Goal

10 ©

hf)[Hz %]
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_INIMAL INTERFEROMETER SENSITIVITY  ___ Dominant noise sources:
INITIAL LIGO e Seismic noise at low
frequencies
e Thermal fluctuations at
iIntermediate frequencies
e Photon shot noise at
high frequencies
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Science run sensitivities
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5th Science run

* In the fall of 2006, LIGO reached its initial design sensitivity
of 10?2 RMS strain in a 100 Hz band

e Science Run 5 (S5) commenced in November 2006

 The goal is to accumulate one year of coincident science mode
data at or above design sensitivity.

o S5 s expected to last between 1.5 and 2 years

e Schedule permits minor interruptions for maintenance and
Improvements
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Sensitivities during 5™ science run

g Sensitivity of each detector during the 5th science run
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Noise budget
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Hanford 4km sensitivity during S5

o Detectable range to randomly oriented 1.4, 1.4 solar mass binary
neutron star inspiral at an SNR of 8.

Commissioning
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Hanford 2km sensitivity during S5

o Detectable range to randomly oriented 1.4, 1.4 solar mass binary
neutron star inspiral at an SNR of 8.
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Livingston 4km sensitivity during S5

o Detectable range to randomly oriented 1.4, 1.4 solar mass binary
neutron star inspiral at an SNR of 8.

Stuck optic
16Nov an 3 Feb 28 Apr 25 Jun 20Aug 150ct 10 Dec 5 Jan 30
I NN ]
14 | T
G 12}
E‘-'l [
- 10 =k
L
2 [
G 8 : -
o [ ,_
S 6 ! . ;
[ [ 1Y y g o og2®
2 4 M X LI
i . ’i ] ’. .‘. i 4 -':.
2i ¥ . 4 “:
: : TR e M R

LIGO-G070026-00-Z

Syracuse University Physics Colloquium - 2007 February 15

run time (w)

Nov 8 Jan 3 Feb 28 Apr 25 Jun 20Aug 150ct 10 Dec 5 Jan 30

23



Histogram of sensitivity during S5

o Detectable range to randomly oriented 1.4, 1.4 solar mass binary
neutron star inspiral at an SNR of 8.
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S5 detector observation time

S5 cumulative observation time
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S5 network observation time
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Predicted end of S5

e Extrapolated from two site coincident science mode duty cycle in
the last week, 2 weeks, month, 2 months, and the entire run to

dat Predicted End of 1 Year of LHO/LLO Coincidence
whole run 1 Sep 13, 2007
2 months | 1 Sep 6, 2007
£
E 1 month 1 Sep 13, 2007
2 weeks ¢ 1 Dec 3, 2007
1 week t 1 Aug 10, 2007
0 100 200 300 400 500 600 70O
predicted run time (d)
0 50 100 150 200 250 300 350
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Sensitivity to stochastic sources
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Sensitivity to periodic sources

o Joint 95% upper limits for 97 pulsars using ~10 months of the
LIGO S5 run. Results are overlaid on the estimated median
sensitivity of this search. w2

R _Estimétedioinf seﬁsitilvity
over ten months of S5
: ____Joint design sensitivity for

. ) 1 year of data |

For 32 of the pulsars we give the T e ] e
expected sensitivity upper limit i Jl L Expected upperlimits
for ten months of S5

(red stars) due to uncertainties in -~ %} o o spindounULs |

Pulsar timings provided by the
Jodrell Bank pulsar group

Lowest GW strain upper limit:
PSR J1802-2124
(fow = 158.1 Hz, r = 3.3 kpc)
hy < 4.9%10726

Lowest ellipticity upper limit: P
PSR J2124-3358
(fqw = 405.6 Hz, r = 0.25 kpc) SO W | SEPRUIRS RN SRS RS S W
£ < 1.1x107

frequency (Hz)
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Sensitivity to burst sources

10 Sine-Gaussian waveforms, Q=8.9
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Global Network

Detectors
Benefits of joint analysis
LIGO/Virgo agreement
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The global detector network

» Several detectors
. . TaMASDO
NOW IN Operatlon TAMA300 Tokyo Japan

1 300 m interferometer
Resonant mass
detectors in the US
and Europe LIS Hanford
LI Hanford W,

I nte rfe I’O m ete rS 1 ¢km, 1 2km interferometer

GEOEO0

th e U S y E uro pe y \ GEOBO0 Hannover Germany

1 600 m interferometer
and Japan
AURIGA
INFN Legnaro, Italy
1 Bar detector

YIRGO
YIRGO Piza taly
ALLEGRO 1 3 km interferometer
Baton Rouge LA LIZO Livingston
1 Bar detector LIGO Livingston County LA
1 4 km interferometer

2 1955-1937 Microsoft andio e sapalers. &l rights reserved.
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Benefits of a global network

* |Improved sky coverage

e Less likely that event occurs in null of detector network
* Improved duty cycle

* More likely that at least one detector observes an event
* Improved search algorithms

 Three non-aligned detectors permit fully coherent search
* Improved detection confidence

« Multi-detector coincidence greatly reduces false rate

* Coherent consistency tests can differentiate between
gravitational-wave signals and instrumental glitches
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Benefits of a global network

e |mproved source reconstruction
 Inverse problem requires three non-aligned detectors

« Sky position reconstruction, waveform reconstruction,
astrophysical parameter estimation, etc.

e This is where the science is!

e Shared best practices
* Learn from each other’s approaches
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LIGO/Virgo

The LIGO Scientific Collaboration (LSC) and the Virgo
collaboration have entered into an agreement that will lead to
future joint analysis of data

Joint data analysis group meetings are already taking place
The first joint meeting of the LSC and Virgo will be this March

The Virgo detector is currently in commissioning and focusing
on a high frequency sensitivity comparable to the LIGO detectors

Joint data analysis will begin when Virgo reaches roughly
comparable sensitivity over a scientifically interesting frequency
region.

Joint data analysis exercises with simulated data have already
been performed for the inspiral, burst, and stochastic analysis

A prototype burst analysis of ~48 hours of real data is in progress

LIGO-G070026-00-Z Syracuse University Physics Colloquium - 2007 February 15

35



Sensitivity comparison
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Coincident analysis strategies

 For coincident searches, union of double coincident detector
networks provides improved performance

* Burst results for simulated supernovae in the direction of the
galactic center at a 1 uHz false rate:

HLV HL HV LV HL UHV ULV
max efficiency 19% 41% 22% 22% 60%
mean efficiency 12% 31% 13% 15% 41%

» Inspiral results for simulated signals from M87 and NGC 6744 at
an SNR threshold of 6:

HLV HL HV LV HLUHVULV
NGC 6744 efficiency 48% 65% 54% 49% 72%
MS7 efficiency 24% 42% 32% 30% 56%
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Timing based recovery of sky position

Recovery of burst sky position
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Fully coherent search methods

consistency tests.

Linear combinations of
detector data that cancel
the signal provide useful

X
X F~ K N,
+ x Coherent sum:
X, _ Fz Fz h+ 4 N, Find linear combinations of
; : h, : detector data that maximize
. y signal to noise ratio
_XN_ _FN FN ] _nN_
coherent null
(e m e detector
N-2 dimensional _— 7 data
Null sum: null space

T
coherent sum

Phys.Rev. D74 (2006) 082005, gr-qc/0605002

LIGO-G070026-00-Z

2 dimensional
signal space
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Example: Supernova GWB

v2 | DOF consistency
with a GWB as a
function of direction
for a simulated
supernova (~1 kpc)

Interference fringes
from combining signal
In two detectors.

True source location:
— Iintersection of fringes
—x?/ DOF ~ 1

Dimmelmeier et al. A1B3G3 waveform,
Astron. Astrophys. 393 523 (2002) , SNR =2
H1-L1-Virgo, design sensitivity
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Example consistency sky maps
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Example: 5000 bursts vs. 5000 glitches

e One point from each

simulation.

o sky position >
giving strongest E’
cancellation W oo EEEET L
S [ MR R
° GWB and glltch g ...................
populations Clearly _g 20 ; R SRR SUPUPSURE S
distinguished fOr SNR E ______ 10 s o8008 NN WUUU N N O U0 5 SO SURSUONS NN SO DO
> 10-20. ST 1 1 1
] ] ] _.. 5 ............
 Similar to detection BINE. £ 45 I
threshold in LIGO. [+ GWB (same waveform)
| iG."t.c|h (incon§isteri|t w?velfolrrlnsi)l
10° 10°
Null = Incoherent + Correlated
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Distinguishing signhals from artifacts

1

i e e
M |~ o o

o
Fu
T

o
[

Fraction of signals accepted

=
—

I:IIII III.I*I III.IE III.I3 III.Id 0.5 III.IE III.I? III.IB III.IB 1
Fraction of glitches accepted
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Simple example: collocated detectors

 The two LIGO Hanford detectors (H1H2) can be combined to
form two new detector data streams

H+ The optimal linear combination that maximizes the
signal to noise ratio of potential signals.

-1
qoo(L, 1) [H H,
Sl S2 Sl SZ

« Weighting is inversely proportional to detector noise S
* Resulting SNR is the quadrature sum of SNRs

H- The null stream, which should be consistent with
noise in the case of a true gravitational-wave

H =H,-H,
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H1H2 example: Inspiral at 5 Mpc

1024 1024
512 512
E W
}, -
2 256 H+ yields ~10 percent
=
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H1H2 example: time shifted glitch

Frequency [Hz]

Frequency [Hz]

H1 H2

1024 1024

512

Coincident H1H2 glitch
In time-shifted data set

128+

512

256 -

128+

64+ 64+
-50 0 50 -50 0 50
Time [milliseconds] Time [milliseconds]
— . C— S— . o e—
0 10 20 30 40 50 0 50 100 150 200
Normalized tile energy Normalized tile energy
H+ H-
1024 1024

512 _ 512

256- Significant H- content
indicates inconstistency a

128+ 128

64+ 64
-50 0 50 -50 0 50
Time [milliseconds] Time [milliseconds]
. : _ : e — — : ; L Tse—
0 10 20 30 40 50 80 0 20 40 60 80 100 120 140 160
Normalized tile energy Normalized tile energy
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Simulated waveform recovery

Strain

L

LIGO-G070026-00-Z
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x10™"
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Cross
injected |

Network: H1-L1-GEO
GWB: Zwerger-Muller
A4B1G4, SNR=40
[Astron. Astrophys. 320
209 (1997)]
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Future

Advanced detectors
Space based detectors
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Enhanced and advanced LIGO

* Planning for both enhanced LIGO and advanced LIGO is already well
underway.

» Expect factor of ~2 increase in strain sensitivity and ~8 increase in
volume sensitivity for enhanced LIGO

» Expect factor of ~10 increase in strain sensitivity and ~1000 increase in
volume sensitivity for advanced LIGO

End S6
i Begin S6
5 S5  Adv LIGO Enhanced LIGO decomm.
start end Const. begins ‘ IFO 1
I | [ & |
2006 2007 2008 2009 2010
| 1
Begin Adv 2014
Advanced LIGO funding is included in LIGO installation

The president’s 2008 budget request!
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Enhanced and advanced LIGO

* Predicted detectable range to binary neutral star inspirals.

Enhanced LIGO  “ ‘i~ - LIGO today
~2009; X 7 <0

11100 million”
| lightyears
RN =

Advanced \|
~2014
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Future observatories
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Future prospects

 Initial LIGO sensitivity:
» Core collapse supernovae within the Milky Way
* Binary black hole mergers in the Virgo cluster
 Interesting chance of detection
* Perhaps constrain more optimistic population models
e Advanced LIGO sensitivity:
* Binary black hole mergers at cosmological distances!
« Absence of a detection is surprising and interesting!

« Coherent network searches will be able to take advantage of a
detection to extract astrophysical information and test theory.

“Last August, the bookmaker Ladbrokes offered the public a chance to bet on
science. When the betting opened, Ladbrokes was offering odds of 500/1 that
gravitational waves would be detected by LIGO before 2010. When the betting
closed a few weeks later the odds had shortened to 2/1.”

— Physics World, January 2005
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