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This talk i1s about ...

e ... gravitational waves and where they come from, and what
they tell us about the universe.
» Black holes, the Big Bang, and other objects

e ...laser interferometry to detect gravitational waves.
» LIGO and other GW projects

» The physics of gravitational wave detectors: “It’s all about noise!”

e ... what have we learned about gravitational waves to date with
LIGO.

e ... future gravitational wave detectors
» Advanced LIGO

z
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Gravitational Waves

Gravitational Waves: “Odd man out” in general relativity; predicted,
but never directly observed.

Weak Field Limit of GR: his a strain: AL/L

ds®=g,, dx#dx” d, A M, +h h(r,t) =h,, exp[i(kr - ot)]
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& Electromagnetic Waves: A Comparison

Electromagnetic Waves

Gravitational Waves

e Time-dependent dipole moment °

arising from charge motion

E(F,t)-~

e Traveling wave solutions of
Maxwell wave equation

e Two polarizations: c*, o

e Spin 1 fields = ‘photons’

Hy
Ay

o)

Time-dependent quadrapole
moment arising from mass motion

2G

h,uv(a)’t) = r—C4 i.,uv (C(),t)

Traveling wave solutions of
Einstein’s equation

Two polarizations: h*, h*

Spin 2 fields
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raves: effects on space-time

* Physically, gravitational
W

aves are ‘strains’
« Change in length per
unit length, or AL/L

s
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Gravitational waves and astrophysics

e Emissions from accelerating non-spherical mass distributions

e Sense of scale: binary neutron star pair /}
» M=14M,r=10%m (15 Mpc, Virgo), R =20 km, f_ . =400 Hz

orb

.
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2\

> |h~102
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Existence proof: PSR 1913+16

Neutron Binary System — Hulse & Taylor
PUIsar Tlmlng - NObeI prlze 1993 Comparison between observations of the binary pulsar
PerIaStrOn Change 30 secin 25 years PSR1913+16, and the prediction of general relativity based on

loss of orbital energy via gravitational waves
_I||||||||||||||||||||||||||_
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—~"" GW Sources Lurking in the Dark

Two body systems M
Neutron star — Neutron star 4 %

Black hole — Neutron star "/l/u,/‘\
Black hole — Black hole  L e,

Single frequency sources v,

Rotating pulsars N
“Burst” sources\%“‘kQ
Supernovae M,

Gamma ray bursts (GRBs)

the Big Bang ", ;é

Stochastic background

Cosmic Strings )N‘N\' %%

LSS’){)
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Neutron-star binary systems

Frequency Chirp

) 05 1
scconds

Credit:
http://www.srl.caltech.edu/lisa/graphics/master.html

9

The University of Texas at Austin 26 September 2007

Credit; Jillian Bornak



http://www.srl.caltech.edu/lisa/graphics/master.html

UF [FLORIDA
LIGO
Short Duration GRBs

Oct. 6, 2005

T e e

Gehrels, et al., Nature 437, 851 (2005
Fox, et al., Nature 437, 845 (2005) e R
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Figure 3 | Observations of the GRB 050709 afterglow and illustrative Figure 1| Optical images of the region of GRB 0505098 showing the
models. The X-ray (red), optical (green) and radio (blue) data taken from association with a large elliptical galaxy. The Digitized Sky Survey image.
R “There may be more than one origin of
short GRBs, but this particular short
event has a high probability of being
“In all respects, the emerging picture of SHB properties is unrelated to star formation and of being
consistent with an origin in the coalescence events of caused by a binary merger.”
neutron star—neutron star or neutron star—black hole binary

systems.”

LSC
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wave interact with an interferometer?

e ‘Test mass’ mirrors
accelerate as G\W passes test

e GW wave alternatively - ~.
‘'stretches’ and ) \
compresses , 1
interferometer arms [laser  j— L .

be &l

e Time dependence of X
interference pattern on \
photodiode sensor records ~, & e
passage of GW

11
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can an interferometer be?

LIGO

e Strain | A
L
e Now multiply the number of test
round-trips in the arms by P L LR
adding Fabry-Perot cavities e N
/ \
L.
- A 1 ’ il 18 %
L Nroundtrip | laser ¢ : I !—'JF_I - i
\ I test
e Now take into account shot \ 1 L
noise (but recycle the ! : K
photons!) o o® -
n A 1 1
-~ . ] N . —_ _21
L I\Iroundtrip I\Iphoton z-storage PUttIng In numbers' h 10

LIS :
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An interferometer is not a telescope

e Sensitivity depends on propagation direction, polarization

“X” polarization “+" polarization RMS sensitivity

e Really a microphone!

:
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As awave Fundal® Armsin LIGO are 4 km long
g?risleesn’gmg LIGO in = Measure difference in
change in length to one part in 1041 or
different 1018 meters
ways....

2N\
...causing the I
End (e interference pattern
Testloans input to change at the
Z t \ c
(F:z;l‘:r;-:vyPero (e est Mass 0 phOtOlede /
Bl )
Suspension Ph ode
Beamsplitter '
0 Power R
Recycling

Mirror
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The earth Is a noisy place

—
Seismic Noise mmp

test mass (mirror)

LASER 4 }
t beamsplitter

Thermal
Wavelength ! (Brownian)
& amplitude '

: Noise
fluctuations ohotodiode ;

The University of Texas at Austin 26 September 2007




UNIVERSITY of
GO o UF FLORIDA
Noise’ in LIGO

INITIAL INTERFEROMETER SENSITIVITY
T TEEl TmOd ] k i A AT ¥ R | .

INITIAL LIGO Noise Sources:
10 - Displacement noise
« Seismic noise
: « Radiation Pressure
107  Thermal noise
Fg e Suspensions
z , * Optics
10 _ - Sensing Noise
% g « Shot Noise
s m;:';:m e f . Residual Gas
! 6251 1 oo 1 060 . 1 oooo

Frequency (Hz) Coincidence Detection
E.‘ﬂ "
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Residual Gas Noise

* Molecular polarizability - excess phase

- Phase fluctuation

> strain noise: |f ~g |—£ Require Pressure < 10-8 torr
Lw Vv

76 T T bnlfn tuhe nrtaluru!\sl+ £ i f i I?Btor and ‘lﬂ.ar "hlkal Mon Oct ‘Zﬂ 05‘46'45‘ 18

1.2 m diameter -50 km of welds

beam tube + instrimentation before bake

|
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a

begm tube + instiumentation after bake 1

il 11
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-
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Beamtube covers are important
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Seismic Noise

Livingston Horizontal
Hanford Horizontal

Livingston Verical
Hanford Vertical

1/2
)

Displacement (m/Hz

Need 109 m/rHz @100 Hz

‘ 1 10

Frequency (Hz)



“piano wires,
magnets, and
glue”
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Thermal noise: Suspensions

G. Gonzalez, Class. Quantum

Grav. 17, 4409-4435 (2000) - | |
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Shot Noise and Radiation Pressure

Photons obey Poissonian statistics: An/n ~ 1/(nt)"2 for large n
How to discriminate between An and AL??

Simple (back of the envelope) calculation for a Michelson
interferometer operating at the %2 power point:

1 | icA

h_. f)=—
mln,shot( ) |_ 27Z'Pin

e Photons also carry momentum - radiation pressure noise

1 hP,
mzx f2L\ 22cA

N (1) =

e Combined shot and radiation pressure noise - “Standard

Quantum Limit”
1 /h
h f)=
SQL( ) 7Z'f I_ m

:
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LIGO Vacuum Chambers

~ LIGO PROJECT

CORNER STATION

CALIFORNIA INSTITUTE OF TECHNOLOGY

E— MASSACHUSETTS INSTITUTE OF TECHNOLOGY
4
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LIGO Vacuum Chambers

-
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LIGO Laser

e Neodynium:YAG laser
« 8 Watts

» Near infrared
e Intensity-stabilized
= Alll, < 107/rHz
e Frequency-stabilization
= Afffy < 102Hz/rHz

26

The University of Texas at Austin 26 September 2007



UF [FLORIDA
LIGO
LIGO Input Optics

 Prepares the laser for
the interferometers
 Optically complex

UF [FLORIDA

;
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LIGO Core Optics

*Define the state of the art in optics processing and metrology

« Better than astronomical telescopes!

. tsurflace deviation approaching the diameter of a hydrogen
atom!

 And therefore quite expensive...

Metrology: Phase Maps

" Gl mm
T rr 1 1 1 1 1 1 1 117 1T 1T T
o Fal =0 [=n] E0 1im 120 1o 1m

28
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in LIGO optical components

x 10° Time (Seconds)

e ‘High quality low absorption ! 1; ! ! ! ! !

fused silica substrates’ f , r .- : : :
» Heraeus 312 (ITM)

» All mirrors have different
absorption levels

e 100s mW absorption in 2
current LIGO =
interferometers c
=
» Interferometer sensitivity =
suffers E Bl . -
— Unstable recycling c_qvi_ty - / : : -. . . lurfcdl Dot
causes loss of sensitivity 7| - {1740 e T N 2 : : 1
. . i : : } : : Yertical Fit
e Requires adaptive control , L ; : : ‘| + Horizontal Data
of optical wavefronts i i ; : : ; Horizontal Fit
» Thermal compensation system A i ek RGBT g TRk R Sl I
(TCS) 0 500 1000 1500 2000 2500 3000 3500

:
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Thermal compensation in initial LIGO

RF si

e

debands

no heating 30 mW 60 mW 90 mW

T4 24— >| Carrier

180 mW (thru unlocked IFO)



h[f], 1/Sqrt[Hz]

Strain Sensitivity of the LIGO Interferometers
55 Performance - May 2007  LIGO-G070366-00-E

le-16 :

LHO 4km - (2007.03.18) 85: Binary Inspiral Range (1.4/1.4 Mson) = 16.3 Mpe |-~

LLO 4k - (2006.06.04 ) S5 Binary Inspiral Range (1.4/1 4 Msun) = 15.1 Mpc

LHO Zkm - (2007.05.14) 55: Binary Inspiral Range (1414 Maun) = 7.8 Mpc
LIGC I SR Goal, 4km

le-17 ¥

LO 10O GO0 1G000
Frequency [Hz)
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Fires and Earthquakes...

Mag 6.8

L TR R O Y e

Washington
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a gravitational wave yet?

e No, not yet.
e When will LIGO detect a gravitational wave?

e “Predictions are difficult, especially about the future”
(Yogi Berra)

e Nonetheless...

» Enhanced LIGO
— 2009-2010
— Most probable event rate is 1 per 6 years for NS/NS inspirals

» Advanced LIGO
— 2015-beyond
— Rates are much better

e |n the meantime, we set upper limits on rates from various
sources

:
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Signalsfrom Known Radio/X-ray Pulsars

e Use demodulation, correcting for motion of detector
» Doppler frequency shift, amplitude modulation from antenna pattern
» Demodulate data at twice the spin frequency

e S5 preliminary results (using first 13 months of data):

» Placed limits on strain h, .
and equatorial ellipticity ¢ 10 T [ Estimated joint sensitivity
» P ¢ limits as low as ~10-7 s oint design sensitivity for 1 year of data
| * Expected upper limits
| v spin-down ULs

[
(%)
T T

—
OI

» Crab pulsar: LIGO limit on
GW emission is now below
upper limit inferred from
spindown rate

o
B
T T

N
o
T

Gravitational wave amplitude h 0
= 3

10‘25 . A

LSC
Frequency (Hz)
94
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GRB 070201

S R : :

' GCN http: //gcn gsfc nasa gcv/gcn3/6103 gcn3 ' ' -~

.. The error box area is 0.325 sq. degd. The center of the box |s B

: 11 degrees from the center of M31, and includes its spiral

‘arms. This lends support tq the idea that this exceptlonally X
“intense burst may h&ve originated in that galaxy (Perley and i

'Bloom GCN 6091)i ” from GCN6013 : :

i Prellmlnar"v analvsns _. atched fllterlng, non- splnmng

by Matthew T. Russeil
- Date Taken:

templates)-- Itis very unllkely that a compact bmary
 progenitor’ ,L'.E?;M31 was responSIbIe for GRBO7®1 e

: =S : Equment

SRS e e 5 A _ RCOS 16" Ritchey-Chretien

S = AN SR it (o .L L L ; - e pit - Bisque Paramoune ME
AR R e aoE QU ot Al ERER i - AstroDon Series I:Filters

SBIG STL+11000M
-t < https //qallelv rconticalsvstems.com/aallerv/im31:ipa -
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LIGO
Searches for a Stochastic Signal

e \Weak, random gravitational waves could be bathing the Earth

» Left over from the early universe, analogous to CMBR ;
or from many overlapping signals from astrophysical objects

» Assume spectrum is constant in time
e Search by cross-correlating data streams

e S4 result [Astrophys. J. 659, 918 (2007) ]
» Searched for isotropic stochastic signal with power-law spectrum
» For flat spectrum, set upper limit on energy density in gravitational waves:

-5
» Qo <6.5%x10 S4, befa=-3 90% confidence upper limit

e Or look for anisotropic signal:
[ Phys. Rev. D]

e S5 analysis in progress

it
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The Global Network

e Better detections: Coincidence through redundancy

e Coverage: Ability to be ‘on the air’ with one or more detectors

e Source location: Ability to triangulate and more accurately pinpoint source locations in the
sky

e Polarization: array of oriented detectors is sensitive to two polarizations

e Coherent analysis: optimal waveform and coordinate reconstruction, better discrimination

1
-y

SR

GWIlstat - Sep 24, 21:05 UTC HHMM Help
ALLEGRO Hitp error

AURIGA Good Data 261920 StamsHistory
EXPLORER Good Data 13:51

ROG| .. . R
— | NAUTILUS Good Data 86:32
GEO 600 Science 3:16 SummarvReporis

H1 Science 1:38  LockHistory RangeHistorv
LIGO H2 Science 142 LockHistory RangeHistory

L1 Science 0:03  LockHistorv RangeHistory

Yirgo Science 931 GeneralStatus
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° GEO600

6 0 0

e LIGO runs in collaboration with the GEOG600, the
German-British interferometer in Hannover

Germany
» Operated as one of the four LSC detectors and has been
taking data since 2002.
— 1200 m long interferometer; employs different configuration

» Also a think-tank and test-bed for the technical improvements
for future gravitational wave detectors. I—

NI
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e Located near Pisa, Italy

e 3 km arms; configuration similar to LIGO

e The LSC and Virgo have recently signed a data sharing
agreement

The University of Texas at Austin 26 September 2007
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LIGO: The Next Generation

LIGO is currently detection
rate-limited at 0.01 events per
year for NS/NS inspirals

e Advanced LIGO will increase
sensitivity (hence rate) over
initial LIGO

» ranger~h

» Eventrate ~r3

e Most probable NS/NS event
rate in Advanced LIGO is 40/yr

e Anticipate funding to start in
early 2008, construction to
begin in 2011

Strain [1/VHz]

_____________________
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...................

------------------------------

________________________

_______________________

........

_______

.......

______________

------------------------------

--------------------------------------
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LIGO
Advanced LIGO
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PRM Power Recycling ¥
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LISA: LIGO’s big sister
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