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LIGO . . -
General relativity simplified

o “Gravity is Geometry”
« Space tells matter how to move <-> matter tells space how to curve
* Metric (g,,) = flat spacetime (n,,) + perturbation (h,,)

1 07
« Propagating gravitational waves: [VZ —F?j h=0
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LIGO L
Gravitational waves

e Effect of a gravitational wave (in z) on light

traveling between freely falling masses, Ly
observer fixed to near masses

o
>\\\></< his a strain: AL/L
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LIGO Gravitational waves
& electromagnetic waves: a comparison

Electromagnetic Waves Gravitational Waves
e Time-dependent dipole moment | o Time-dependent guadrapole
arising from charge motion moment arising from mass motion
— A A il ZG °
E(r,t)~ o [rx(rx p)] hyv(w’t)zmlyv(wi)
Arcr
4r*GMR*f 2,
e Traveling wave solutions of h= e

Maxwell wave equation, v=_c _ _
e Traveling wave solutions of

T Einstein’s equation, v =c¢
e Two polarizations: o*, o

e Two polarizations: h,, h,
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How to make a
gravitational wave that can be detected

. _Case#2: A 1.4 solar mass._..
binaM -4
“M=14M,

R=11km r\
f =400 Hz .

r=1023m :

Credit: T. Strohmayer and D. Berry



Existence proof: PSR 1913+16

Comparison between observations of the binary pulsar

PSR1913+16, and the prediction of general relativity based on
loss of orbital energy via gravitational waves
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LiGo

How to detect a gravitational wave

- % ¥

LECTROMAGNETICALLY COUPLED BROADBAND
GEAVITATIONAL ANTENNA

QUARTERLY PROGRESS REPORT
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LIGO Realistically, how
sensitive can an interferometer be?

X End
N Test Mass
roundtrip i
Input Test Mass
Test Mass
X - Photodiode
N T ;:::t:ling Beamsplitter
photon * storage Mirror 250 W

5w A=1.06 um

L =4000 m

Putting in numbers: ;
~ -21 )

roundtrip

UF £ 5RiA L

UNC Physics Department 15 February 2010



LIGO

LIGO sites

LIGO Livingston Observatory
1 interferometers

| Livingston B
LIGO Hanford Observatory LIGO Observatories are operated
by Caltech and MIT
UF‘UNIVERSITY of "
FLORIDA
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LIGO An interferometer Is
really a microphone

e Sensitivity depends on propagation direction, polarization

“X" polarization “+" polarization RMS sensitivity

UF [#15R 1A g
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LIGO . .
Fundamental noises in LIGO

INITIAL INTERFEROMETER SENSITIVITY
[ | 1 8 UNE ¥ [ A EE | X

*Displacement noises
e Seismic noise
* Radiation pressure

e Thermal noise
e Suspensions

INITIAL LIGO

10 ¢

.
o « Optics
z *Sensing noises
. » Shot noise
i ESIDUAL »'\SS,ﬂ]'6 TORR . ReSIduaI gaS nOISe
L
: s, o FACILITY
L & RESIDUAL AS,10_9 TorrHp |
-25 L L ‘.‘.‘.|\ L L ‘.‘..‘\\ L R | \i.-—'.'"!lu.u.
10 4 10 100 1000 10000
Frequency (Hz)
13
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Seismic noise

1/2
)

Displacement (m/Hz

Livingston Horizontal
Hanford Horizontal
Livingston Verical
Hanford Yertical

Need 101° m/+/Hz @100 Hz

1
Frequency (Hz)

10



LIGO Vacuum Cambers
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LIGO .
Suspended Mirrors

e mirrors are hung in a pendulum

- ‘freely falling masses’

* provide 100x suppression above 1 Hz

e provide ultraprecise control of mirror

displacement (< 1 pm)

LY

‘&__(‘
UNIVERSITY of { '(
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LIGO

Frequency stabilization in LIGO

Hierarchical approach = use the stability provided by the arm cavities

Amplitude spectral density of fregquency noise

Af/fo = AL/LO 10’ J ------- T P P

e 11 PSL noise Oct. 2, 2004 |-

Ay, LIGO requirement
LIGO | requirement

20-cm Wl

PSL SRR . Stage 1 —reference :::

reference 10° g oot CaV|ty i

0.01to 3 R TN N i

I
1 Lz cavity

10_2HZK(HZ)_”2 IR | € | S |

Hz/rHz

4-km
interferometer

/ 10™ Ha/ (i) Afif ~3x 1022 @ 100 Hz
UF ¥ ORIDA y
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LIGO
Length readout and control
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h[f]. 1/Sqrt[H1z]

Best Strain Sensitivities for the LIGO Interferometers

le-16 =

Comparisons among S1 - S5 Runs

LIGO-G060009-02-Z
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LIGO

Enhanced LIGO

Improved sensitivity
over initial LIGO

New readout scheme

H1 (DC) at 2009-06-23 03:04:41, (929761496)
UGF = 193Hz, Req. PWR = 14 W, range: 22.2 MPc pred, 16 MPc meas

10 Ay

= = =Shot

- - P.' Dark
» DC (homOdyne) |>— il _ll.:]l:(e:r'l'swy i
» Suspended output | — ——PRC
mode cleaner + To R _ - --BS
seismic isolation === & i
» In-vacuum detection Nl iy Asc
diodes —_ S \ Seismi
: NPy T hs
Higher laser power > < 1077 —=C42 \ . ntThern
35 W RIS k| i e
» New Input OpthS GEJ & i ..F‘ I--?--Itsf;)ItQa[I)noise
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New magnets, better o 5 E
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Lo —ias oy
Olympia Earthquake

Feb 28, 2001; Mag 6.8 §

v
PR Hurricane Katrina
Lt % August 29, 2005%

-._._-"“
L g
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LIGO
AS can cars...
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The Gravitational Wave Spectrum

Dick Manchester, CSIRO

SN Core
collapse




The astrophysical
gravitational wave source catalog

e Neutron stars,
black holes

B . e ‘chirped’
| L“j‘ waveform

Credit: AEI, CCT, LSU




The astrophysical
gravitational wave source catalog

e asymmetric core
collapse supernovae

e COSMIC strings

« 77?7 (sources we
haven’t thought about)

o
©
3
=
c
o
@
E

Credit: Chandra X-ray Observatory

|
447.35 447.4 44745 4475 44755 447.6 44765 4477
time, s




The astrophysical
gravitational wave source catalog

e Spinning neutron stars

* monotone waveform

Casey Reed, Penn State




The astrophysical
gravitational wave source catalog

* residue of the Big
Bang

sprobes back to 10?1 s
after the birth of the
universe

e stochastic, incoherent
background

NASA/WMAP Science Team




LIGO

Has LIGO detected
a gravitational wave yet?

e NoO, not yet.

e When will LIGO detect a gravitational wave?

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

TABLE V: Detection rates for compact binary coalescence sources.

IFO Source Niow Nie Npi Nup
\eS yr? yr ! yr !
NS-NS 2% 107%  0.02 0.2 0.6
NS-BH 7% 107° 0.004 0.1
Initial BH-BH 2% 107*  0.007 0.5
IMRI into IMBH < 0.001° 0.01°
IMBH-IMBH 1044 10~2¢
NS-NS 0.4 40 400 1000
NS-BH 0.2 10 300
Advanced BEH-BH 0.4 20 1000
IMRI into IMBH 10° 300°
IMBH-IMBH 0.1¢ 1°

UF [FLORIDA
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The challenge of LIGO data analysis

This source:
Embedded in this noise stream:

Binary BH-BH system 04

02 |

Signal(t)

-02 ¢

wha

-04

| We use different
| methods (in this case
‘ optimal Weiner filtering
' ,. using matched

| y . templates) to pull these

signals from the noise:

n

= “Chirp” waveform

SNR(t)

2 -1.5 =0.5 0

-1
Time to coalescence (sec)

The problem is that non-astrophysical sources also produces signals (false positives)




GRB 070201

Refsir o . o S
- GCN: http://gen.gsfe.nasa.gov/gen3/6103.gcn3

Dec (2000)

18-70 ke

70-300 ke

00"44™  00"40" 00"38"
RA (2000)

“
o™
o
Q
o
-
“
€
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LIGO GRBO070201:
Not a Binary Merger in M31!

Abbott, et al. “Implications for the Origin of GRB 070201 from LIGO

= | |nspiral (matched Observations”, Ap. J., 681:1419-1430 (2008).
filter search: 50 . | | | |

Inspiral Exclusion Zone

@ Binary merger in M31 o5 | _
scenario excluded at _I—;wl_l_lﬁ_l
— 20

>99% level 2
@ Exclusion of merger at & 15
larger distances 10
5
@ Burst search: °
@ Cannot exclude an SGR in M31 meo(Mg)

@ SGR in M31 is the current best explanation for this emission

@ Upper limit: 8x10°° ergs (4x10* M _c?) (emitted within 100 ms for isotropic
emission of energy in GW at M31 distance)

UF #5RiA o
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LIGO

The stochastic GW background

e An isotropic Stochastic GW .
background could come from: B=71g & .19
» Primordial universe (inflation)

» Incoherent sum of point emitters
isotropically distributed over the

sky
e EXxpressed a fraction of
closure density of the
universe:

Big Bang plus
10-43 Seconds

i dpaw (f)
pe  dinf

J.Q(H-V(f) d(In /)= p;W =Q),

c

Qaw(f) =

e Big Bang Nucleosynthesis
limit:

Oy < 1.1x 10

UF [FLORIDA

UNC Physics Department

What Powered the Big Bang?

Gravitational Waves can Escape from
Earliest Moments of the Big Bang

Inflation

£ Q (Big Bang plus 10-% seconds?)

Cosmic microwave background,

distorted by seeds of structure
and gravitational waves

Big Bang plus
400,000 Years

-

Big Bang plus %
15 Billion Years .

Credit: Caltech Space Radiation Laboratory

32

15 February 2010



LIGO

Abbott, et al. “An upper limit on the stochastic gravitational-wave
background of cosmological origin”, Nature., V460: 990 (2009).

104

106

10-8

QGW

10-10

10-12

10-14

L\

spectra

-‘-------—--h----ﬁ

CIVIB and matter

LIGO S5 result; w Casmlcistrlnlgs
0,<69x100 | \ |

\ CMB large

LIGO 85

- - - - -
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The Global Network
of Gravitational Wave Detectors




i . Einstein@Home
World Year.of Physics 2005

User: David Hammer : i ' Search Infarmation:
Total Credit: 13207.85 - R\j » Ré&: g2.93
Host Credit  0.00 4! : - e DECS siadh
Team: Einsteini Lk . d

Percent Done: 0.94% :



e Current LIGO is
‘rate-limited’
» Detection of a
gravitational wave . s
is ‘possible’, but w ..
not ‘Ilkely’ = 2L ; 'Supferclyﬁt.er
Detector upgrade

Is planned for
2011-2015

» Factor of 10
Increase in
distance probed
(‘reach’)

Factor of 1000
increase in event
rate

'?EDIUIT;;'J.;'. e ; < Credits;
¥E¥Supsrcluster Lot 7t Image by Beverly Berger
=g i T ek Cluster Map by Richard Powell

UF [FLORIDA
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~ il Advanced LIGO

End
Test Mass

End 800 kW, abry-Perot

Cavity

Photodiode

Power
Recycling Signal
Mirror Recycling

UFFi_.._.

UNC Physics Department 15 February 2010
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LIGO
Advanced LIGO

180 W laser error Suspensmns

high-power

S IIW-O‘ N 2N\ o S\ [ outeut

I

A=) S
= up=| 1= —

oscillator anfq.Tm

Seismic isolation

Mirrors

| il o
@l ‘ 7'*‘

Ribbons welded to silica
F UNIVERSITY of ears bonded to mass
UF [FLORIDA o0
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The Gravitational Wave Universe

Stay Tuned...



LIGO Scientific Collaboratlon LSC)
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LIGO

Acknowledgments

UNIVERSITY of
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» Members of the LIGO Science Collaboration [0S
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More Information

e http://Iwww.ligo.caltech.edu; www.ligo.orq
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LIGO

e Intense flashes of gamma rays
from (mostly) extra-galactic

sources
» GRBs are the most luminous events in
the Universe

e Long (> 2 s) and short duration
(<259)

» Long GRBs are associated with star
forming galaxies
— Large red shift, Z>8 reported last week
» Short GRBs are less well understood
— Progenitor is NS-BH, BH-BH binary

merger!
— Soft gamma repeaters - magnatars

UNIVERSITY of NASA Hubble Space Telescope Imaging Spectrograph (STIS) 43

UF ‘ FLORIDA UNC Physics Department 15 February 2010



LIGO
What did Einstein think?

e Einstein predicts gravitational waves (1916,1918)

A. Einstein, Sitzber. deut. Akad. Wiss. Berlin, KI. Math. Physik u. Tech. (1916), p.
688; (1918), p. 154

e Einstein changes his mind (1936)

Together with a young collaborator, I arrived
at the interesting result that gravitational
waves do not exist, though they had been as-
sumed a certainty to the first approximation.
This shows that the non-linear general rela-
tivistic field equations can tell us more or,
rather, limit us more than we have believed up
to now.*

4. A. Einstein, The Born—Einstein Letters: Friendship, Politics,
and Physies in Uncertain Times, MacMillan, New York

1
(2005)! p. 122. Daniel Kennefick, Physics Today, Sept. 2005

UF £ 5RiA w
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How big Is a gravitational wave?
~1N0NNNN —_
+10000 =
0.0000000000000000001 mete’rj':
S
¢ N e

o
Wavelength of a gravitational wave



LIGO
Pulsars

e Spinning neutron stars ‘brake’ due to:
» Symmetric particle ejection
» Magnetic dipole radiation
» Gravitational wave emission

e Neutron stars could emit gravitational waves
If:
» They are non-axially distorted from crustal shear
stresses

Ema}(mﬁxl[)_T( il )
102

» They have non-axisymmetric instabilities due to
internal hydrodynamic modes

» they wobble about their axis
e But the emission amplitude will be very

small...
UF FLORIDA &

UNC Physics Department 15 February 2010




The Crab Pulsar: Beating the Spin Down
Limit!

 Remnant from supernova in year 1054

e
Abbott, et al., “Beating the spin-down limit on @ravitational wave
_ _ emission from the Crab pulsar,” Ap. J. Lett. 683, L45-L49, (2008);
> Vaw — 2 VEm — 59.6 Hz http://arxiv.org/abs/0909.3583

 Spin frequency vg,, = 29.8 Hz

» observed luminosity of the Crab nebula
accounts for < 1/2 spin down power
*spin down due to:

e electromagnetic braking

e particle acceleration

« GW emission? .
+ S5 result: h < 2.0 x 1025 > < 7X below T

the spin down limit (assuming restricted priors)

o ellipticity upper limit: £< 1.0 x 104 ¢

 GW energy upper limit < 2% of radiated energy is in GWs



LIGO .
Interferometry: the basics

e Simple Michelson
» Phase: ¢ = 4r (L,— L) /A oc AL
» Power: Ppp = Pgg SIN?0
— dP/d¢ ~ PggSin ¢ cos ¢
» Strain: h = 2AL/L
— Phase sensitivity:

Gl o T s 1

1)
9

X
0.0009255 0.000926 0.0009265 0.000927 A L 48

UNC Physics Department 15 February 2010
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Beefed-up Interferometry:

LIGO 0
Fabry-Perot Arm Cavities

e Fabry-Perot cavity
» Increases power in arms

— Overcoupled cavity gain: Ggp ~ 4/ T,

» Enhances storage time of light in cavity
— Phase shift on resonance
— Effectively ‘lengthens’ arms

Cavity Response

Magnitude

dfidh o Gop X L

i ) | | 1 1 i
08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Length (meters) x 107

UF ‘ UNIVERSITY of
FLORIDA UNC Physics Department 15 February 2010
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LIGO Advanced Interferometry II:
Power Recycling

e ‘Recycle’ light coming back
from beamsplitter

» Add a mirror which forms a resonant
cavity with the rest of the
Interferometer

~ 10000 W

Pgs = Ggre Pinput
+
df/dh o« Gp X L 250 W
Enhanced Phase Sensitivity! Gge ~ 50, G ~ 80
UF [FLORIDA ?

UNC Physics Department 15 February 2010



LIGO |
Keeping the Interferometer Together

* All length degrees of freedom must be held on resonance (ie, locked)
» heterodyne detection - Pound-Drever-Hall Locking
» reference field provided bv electro-ontic modulator

1_
LC O.IQI II IO.IS III L o 1.I05I 1.I1
_ @, round trip
i phase

\l>:

E=E,_ gl 2T cos(c Error Signal

Mc 0
Laser )

-1
* LIGO Interferometers are very complex: 4 length + 10 alignment degrees ot freedom
* Absolute position must be held to 1013 m

UF [#15R 1A .
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LIGO
The LIGO Length Control Scheme

Length N P,
D 9 f Li=(Ly t1y)2 £ REF  Reflected port
egrees o - L=, +1,)2 REC Recycling cav. port
freedom = i AS Antisymmetric port
P, Transmission ports
7  Photodetector
Input end
MIrrors mirror
P
UF ‘ UNIVERSITY of 52
FLORIDA

UNC Physics Department 15 February 2010




LIGO .
Locking the Interferometer

to- o . .
mode @i Y0 Multiple Input / Multiple Output.

cleaner

*Four tightly coupled cavities.

olll-conditioned (off-diagonal) plant
matrix.

*Highly nonlinear response over most
of phase space.

Y
Z sTransition to stable, linear regime
@ takes plant through singularity.

*Employs adaptive control system that
evaluates plant evolution and
reconfigures feedback paths and gains
during lock acquisition.

Saq g ETM,-ETM, |
Sri < ETM4-ETM,

sa o ru g e GW Signal Is measured from DARM
Control

Spa BS ITM;{—ITM,

UF\UFNI:BRIS{IIUA “
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Ll

GO . .
Alignment Sensing and Control

UF!

e Need to also control angular fluctuations 6,, 0, of the
mirrors 6,, 6, for 5 of the 6 interferometer mirrors

e Spatially-resolved PDH locking...

2944 APPLIED OPTICS / Vol. 23, No. 17 / 1 September 1984

Alignment of resonant optical cavities

Dana Z. Anderson

When an input Gaussian beam is improperly aligned and mode-matched to a stable optical resonator, the
electric field in the resonator couples to off-axis spatial eigenmodes. We show that a translation of the input
axis or a mismatch of the beam waist to the resonator waist size causes a coupling of off-axis modes which
is inphase with the input field. On the other hand, a tilt of the input beam or a mismatch of the beam waist
position to cavity waist position couples to these modes in quadrature phase. We also propose a method to
measure these coupling coefficients and thereby provide a means to align and mode-match a resonant optical
cavity in real time.

UNIVERSITY of 54

FLORIDA

UNC Physics Department 15 February 2010




LIGO . .
Alignment Sensing and Control

e Cavity modes U decompose into HG, and HG; modes:

ol
» Displacement: U(x) = HGy(x-d) = HG,(x) + (dwy) HG,(x) = =

» Tilt: U(X) = HGy(X") / cos 0, = HG,(X) + 1 7 (8, W /1) HG,(X)

QPD-Y
reflected port Ea
@ seied po transmission 2 4’—L1:| ' I ® Wavsfront Sensor
@ L; (== 0] Camera
> n % @ Cuadrant Detectar
* *
] ” /_"I_® WFS 2 o CB" Optical Lavar
FHER wrs 3
@ @ micde cleaner _'_I_® WFS 4 0 SCTeble
@ [ ==

C ) %C«@ dr
]
LY
— ,. 008
\ f : -
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Thermal Effects in LIGO Core Optics

e Absorption in the mirror
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Thermal Effects in LIGO Core Optics
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Thermal Compensation
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