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J Abadie et al 2010 Class. Quantum Grav. 27 173001 

B. Allen 1996 arXiv:gr- qc/9604033v3  C. D. Ott et al 2004 ApJ 600 834 

L. Bildsten 1998 ApJ 501 L89 



•!*!"(*+313<1*51&"$(*D5$()*X$<23#5/(*

$(13&73&/-313&*

•!*;$>3&3('"#*<2"()35*$(*"&-*#3()12*-3"5D&3*

51&"$(*

•!*4D5.3(+3+*X$&&/&5*"<1*"5*$(3&'"#*."&'<#35*

/&*Y1351*-"5535Z*

•!*SD1*303(*$7*X$<23#5/(*"&-5*"&3*I*W-*#/()C*

,(1&/+D<'/(*

S"5$<*:%53&0"'/(*/7*9&"0$1"'/("#*J"035*

! 

"L = L
X
# L

Y
= h L

! 

"L = h
CBC

1.4#1.4
 L

km
=10

#18
m

43.13-%3&*F12C*GHIH* P*=3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53*



•! ,(1&/+D<'/(*
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•! K+0"(<3+*8,9:*
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4 km (H1) "
2 km (H2)*

4 km (L1)"

B23*8"53&*,(13&73&/-313&*9&"0$1"'/("#*J"03*:%53&0"1/&6*

B23*;313<1/&5*
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•!*^"<2*"&3*A/M3&OU3<6<#3+*X$<23#5/(5*
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43$5-$<*,5/#"'/(*"(+*!/(1&/#*

Optics are suspended from cascading layers of passive isolation 

But RMS 

motion is 

still large! 

Solution 

below 40 Hz: 
Use 

interferometric 
feed-back 

control 

[KX*!2"-%3&*

KDL$#$"&6*:.'<5*

*P*#"63&5*

S4!*!2"-%3&*

!/&3*:.'<5*

\*8"63&5*

!/&3*:.'<*

4D5.3(5$/(*

Provides isolation from 

ground motion above 40 Hz 

10-7 mrms 

10-15 mrms 



43.13-%3&*F12C*GHIH* =3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53* F*

B23*8,9:*;313<1/&5*

B23*_$a2*4<$3(<3*UD(C*4\*

•! Two year science run, from Nov 2005 to Oct 2007, at or near designed sensitivity with  

  50% triple-coincidence duty cycle 

•! No detection, but detection rate was expected to be low:  

•! Measured Displacement noise is ~10-19 m/Hz1/2 (~10-23 in strain/Hz1/2) between 100-300 Hz 

•! How do we know it’s 10-19 m/rtHz, and with what certainty?  

! 

˙ N 
re

1.4"1.4
# 0.02 yr

"1



•! ,(1&/+D<'/(*
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+

43.13-%3&*F12C*GHIH* IH*=3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53*

! 

eD ( f )"#Lext

!"#$%&"'/(*/7*123*8,9:*,(13&73&/-313&5*

B23*;$>3&3('"#*K&-*!/(1&/#*8//.*

Actuation Function 

Digital Filters 

Sensing Function 



43.13-%3&*F12C*GHIH* =3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53* II*

•!*"(+*43(5$()*_D(<'/(*

•!*(/(O#$(3"&*"(+*$--3"5D&"%#3*M$12/D1*

<#/53+*#//.*

•!*K(*3L"<1*-/+3#*M/D#+*(33+*#/15*/7*1/D)2O

1/O-3"5D&3*."&"-313&5*

•!*_&3ND3(<6*+3.3(+3(<3*<"(*%3*

"..&/L$-"13+*

! 

RL ( f ,t) =
1+ "(t)GL ( f )

"(t)CL ( f )

! 

GL ( f ) = CL ( f ) D( f ) A( f )

•!*M$12*123*:.3(*8//.*B&"(573&*_D(<'/(*

•!*_&3ND3(<6O;/-"$(*X/+3#*/7*!/(1&/#*8//.Q***

!"#$%&#"'()&*+%&'

! 

CL ( f )

!"#$%&"'/(*/7*123*8,9:*,(13&73&/-313&5*

B23*U35./(53*_D(<'/(*

! 

A( f ),

! 

GL ( f )

! 

"(t),

!!*B23&37/&3*M3c*-D51*-3"5D&3*

! 

"Lext = RL ( f ,t) eD ( f )

c*M3*d*B23*!"#$%&"'/(*9&/D.Q*9"%6*9/(e"#3eC*

S&$"(*:fU3$##6C*X$W3*8"(+&6C*U$<W*4"0")3C*

X6D()W33*4D()C*^0"(*9/31e*"(+*-3g*



43.13-%3&*F12C*GHIH* =3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53* IG*

!"#$%&"'/(*/7*123*8,9:*,(13&73&/-313&5*

B23*43(5$()*_D(<'/(*X/+3#*

•! We could develop an exact 

model the sensing function … 

•! Power-recycled, Fabry-Perot 

Michelson, using RF 
modulation locking scheme: 

! 

VRF PD ( f )

"Lext

= 8
2#

$
Pin J0(%)J1(%) grc tsb

re (1& ri)
2

(1& rire )
 ' RPD 

sin(2# f "L /c)

2# f "L /c

e
&2# i f "L / c

1& rire e
&4# i f "L / c

input 
power      

modulation 
strength        

recycling 
cavity gain 

arm cavity 
reflectivity 

PD quantum 
efficiency 

PD circuitry 
impedance 

Messy, nonlinear frequency 
dependence 

side-band 
transmission 

laser 
wavelength 

•! But this would be tough to develop: parameters can have  

•! time, thermal, and alignment dependence 
•! large uncertainty 



43.13-%3&*F12C*GHIH* =3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53* IR*

! 

CL ( f )"[HSP

x
( f ) + HSP

y
( f )]# [details( f )]

! 

HFP ( f )"
sin(2# f L /c)

2# f L /c

e
$2# i f L / c

1$ rire e
$4# i f L / c

!"#$%&"'/(*/7*123*8,9:*,(13&73&/-313&5*

B23*43(5$()*_D(<'/(*X/+3#*

! 

fc = “cavity pole,”   

can be measured to 
negligible uncertainty 

•! Fabry Perot cavity’s response to changes in length 

•! BUT when GW wavelengths are much 

longer than the cavity, we can use single 
pole approximation: 

! 

HSP ( f ) "
HFP ( f << 2c /L)

HFP (0)
#

1

1+ i ( f / fc )



•! Residual time dependence is included in response function, as a coefficient 

close to unity: 

43.13-%3&*F12C*GHIH* =3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53* IP*

! 

"(t) =#(t)$(t)

!"#$%&"'/(*/7*123*8,9:*,(13&73&/-313&5*

B$-3*;3.3(+3(<3*

•! This time dependence             is measured and compensated digitally with coefficient           

but not perfect 

! 

"(t)

! 

"(t)

•! Absolute scale of sensing function varies slowly                        with time 

because of alignment, thermal fluctuations 

! 

( f << 40 Hz)

•! Measurement is performed by injecting three sine waves with known amplitude 

and frequency to coil actuators of one test mass while at full sensitivity 
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!"#$%&"'/(*/7*123*8,9:*,(13&73&/-313&5*

X3"5D&$()*123*K<1D"'/(*_D(<'/(*

! 

A( f ) = " x
A
x
( f ) + " y

A
y
( f )

! 

A
x,y
( f ) = [KA

x,y
  P

x,y
( f )]" [details( f )]

! 

P
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( f ) =

f
0

2

f
2 "

i#
0

Q
f " f

0

2
$ 

% 
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' 

( 
) 

! 

KA

x,y
 •!*-3"5D&3+*M$12*5$-.#3*</(h)D&"'/(5*

/7*123*$(13&73&/-313&*

•!*#"53&*M"03#3()12*$5*7D(+"-3(1"#*

-31&$<*

•!*-3"5D&3+c*-"(6*'-35*/03&*123*

5<$3(<3*&D(*
c*M$12*</-.$#"'/(*"(+*+31"$#3+*"("#65$5*%6*-3 

;&$03(*A3(+D#D-*U35./(53*



43.13-%3&*F12C*GHIH* I]*=3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53*

! 

GL ( f ) = CL ( f )    D( f )    A( f )

: frequency dependence modeled 

: frequency dependence, absolute 

scale known 

: frequency dependence modeled, 

absolute scale measured 

!"#$%&"'/(*/7*123*8,9:*,(13&73&/-313&5*

:.3(*8//.*B&"(573&*_D(<'/(*

! 

CL ( f )

! 

D( f )

! 

A( f )
•! Digitally excite closed loop, much larger than 

•! Measured* ~20 / interferometer during the science run   

•! Remaining absolute scale must be from sensing 

function (define               during measurement) 

•! Also confirms model of frequency dependence 
! 

"L
ext

! 

"(t) #1

18 measurements, 150 freq. points/ meas. 



43.13-%3&*F12C*GHIH* I`*=3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53*

•!*8$-$13+*%6*-3"5D&3-3(15*/7*123*

"<1D"'/(*7D(<'/(*

!!*!"((/1*3L<$13*1351*-"5535*"%/03*

&35$+D"#*)&/D(+*-/'/(*

B/1"#*

! 

A( f )

! 

GL ( f )

! 

"(t)

B/1"#*

! 

A( f )

! 

GL ( f )

•!*E(<3&1"$(16*/7*,'-./'0&1'.'1"23""#''

/03&*123*3('&3*G*63"&*5<$3(<3*&D(g*

!"#$%&"'/(*/7*123*8,9:*,(13&73&/-313&5*

U35./(53*_D(<'/(*E(<3&1"$(16*

! 

RL ( f ,t) =
1+ "(t)GL ( f )

"(t)CL ( f )

Paper: “Calibration of the LIGO gravitational wave detectors in the fifth science run” 

accepted for publication in Nuclear Instruments and Methods A 
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•! K+0"(<3+*8,9:*

•! A&/1/16.3*[KXO,4,*43$5-$<*,5/#"'/(*46513-*

•! !/(<#D5$/(5*

43.13-%3&*F12C*GHIH* =3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53* IF*

!"#$%&"'()*"(+*,-.&/0$()*123*

43(5$'0$16*/7*123*8,9:*;313<1/&5*



43.13-%3&*F12C*GHIH* =3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53* Ib*

4"5"3'
''

6"7#87*''

9#%:0+%
&'

2007 2008 2009 2010 2011 2012 2013 2014 2015 

Observing 

Upgrading ;&<0&*"! =1>0&*"! 

4\* 4]* 4`*

B23*K+0"(<3+*8,9:*;313<1/&5*

A&3+$<13+*43(5$'0$16*"(+*B$-3#$(3*

•! Major upgrade to all detectors, 

all internal components replaced 

•! Three 4km detectors in the 

same two-site vacuum system         

•! Designed to be Quantum Noise 

limited down to 10 Hz 

•! Predicted Binary Neutron Star 

Range:  ~180 Mpc 

•! Detection Rate: 

! 

˙ N 
re

1.4"1.4
# 40 yr

"1
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•!*PHW)*B351*X"5535*

•!*8"53&*A/M3&*d*IG\*J*

•!*A/M3&*"(+*4$)("#*U3<6<#$()*

•!*41"%#3*U3<6<#$()*!"0$'35*

•!*[/-/+6(3*;313<'/(*

•!*IHW)*B351*X"5535*

•!*8"53&*A/M3&*d*\*J*

•!*A/M3&*U3<6<#$()*!"0$16*

•!*[313&/+6(3*;313<'/(*

,($'"#*8,9:*:.'<"#*8"6/D1*K+0"(<3+*8,9:*:.'<"#*8"6/D1*

B23*K+0"(<3+*8,9:*;313<1/&5*

,(13&73&/-313&*!/-."&$5/(*



GI*

Active Isolation 
1 external stage (HAM HEPI) 

1 internal stage (HAM ISI) 

Active Isolation 
1 external stage (BSC HEPI) 

2 internal stages (BSC ISI) 

Passive Isolation 

4 stages  

(Quadruple Pendulums) 

Core Optics  

7 Stages 

Auxiliary Optics  

5 Stages 

Passive Isolation 
3 stages  

(Triple Pendulums) 
43.13-%3&*F12C*GHIH* =3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53*

B23*K+0"(<3+*8,9:*;313<1/&5*

43$5-$<*$5/#"'/(*"(+*4D5.3(5$/(5*



43.13-%3&*F12C*GHIH* =3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53* GG*

Possible Intermediate 

Configuration: 
- No Signal Recycling 

- 25 W Input Power 

Demonstration of aLIGO 

suspensions and seismic 
isolation: 

•! 7 orders of magnitude less 

displacement at 10 Hz 

!! Predicted Binary Neutron 

Star Range: ~145 Mpc 

!! Event Rate: 

B23*K+0"(<3+*8,9:*;313<1/&5*

43$5-$<*$5/#"'/(*"(+*4D5.3(5$/(5*

! 

˙ N 
re

1.4"1.4
#10 yr

"1
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43.13-%3&*F12C*GHIH* =3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53* GP*

•! Non-invasive upgrade to the S5-era 4 km LIGO detectors, from late 2007 to early 2009     

•! S6 data run from mid 2009 to mid 2010, typical inspiral range increased by 5 Mpc 

•! Upgrades include prototypes of Advanced LIGO  

Technology 

•! Increased laser power from 7 W to 20 W 

•! Homodyne detection 

•! Prototype Active Seismic Isolation 

B23*^(2"(<3+*8,9:*;313<1/&5*

B23*4$L12*4<$3(<3*UD(*

;&<0&*"! 

4\* 4]*

2007 2008 2009 2010 

Observing 

Upgrading 



43.13-%3&*F12C*GHIH* G\*=3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53*

A&/1/16.3*[KXO,4,*,5/#"'/(*46513-*

•! aLIGO prototype for 

eLIGO upgrade to 
4km interferometers, 

under homodyne 
readout 

•! We@ built and 
installed both in 

Winter/Spring of 2008 

•! Wet commissioned 

the active control 
system from late 2009 

– early 2010   

@ we = Joe Hanson and myself at LLO; Hugh 
Radkins, Corey Gray and myself at LHO; with 

lots of help from Brian O’Reilly, Mike Landry, 
Ken Mason, Andy Stein, Stephany Foley, and 

Justin Garofoli  

t we = Brian Lantz, Rich 

Mittleman, Corey Gray, 

lead by me 
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;/(f1*

"-.#$76*

%3#/M*

H?I[e*

931*"*_"<1/&*/7**

IH*%iM*H?I*j*H?G*[e**

931*"*_"<1/&*/7*

k\H*%iM*H?G*j*\*[e*

931*"*_"<1/&*/7*

IH**%iM**\*OGH*[e*

U3#6*/(*

."55$03*

$5/#"'/(*

"%/03*GH*

[e*

A&/1/16.3*[KXO,4,*,5/#"'/(*46513-*

B"&)31*A3&7/&-"(<3*7/&*K+0"(<3+*8,9:*



•!*4D5.3(+3+*51")3*$5*"*&$)$+C*#$)21*51&D<1D&3*

•!*A#"l/&-*$5*5D5.3(+3+*0$"*12&33*<"('#303&*

%#"+3*5.&$()5*"m"<23+*1/*M$&3*n3LD&35*

•!*4D5.3(5$/(*"<15*"5*"*.3(+D#D-C*M2$<2*

h#13&5*53$5-$<*(/$53*"%/03*&35/("(<35*

4D../&1*41")3*

4D5.3(+3+*41")3*

S#"+3*4.&$()*

J$&3*_#3LD&3*

43.13-%3&*F12C*GHIH* G`*=3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53*

A&/1/16.3*[KXO,4,*,5/#"'/(*46513-*

A"55$03*,5/#"'/(*!/-./(3(15*
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B'

C-'CD'

CE'

!A'

!F'

!B'
F'
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43.13-%3&*F12C*GHIH* GF*=3>&36*4?*@$553#C*A2?*;?*B235$5*;373(53*

A&/1/16.3*[KXO,4,*,5/#"'/(*46513-*

K<'03*,5/#"'/(*!/-./(3(15*

G3%)&1'6"&#%3'

Sense and 
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•! Fundamental property of a horizontal 

inertial sensor 

•! Effect dominant at low frequency  
  (< 0.5 Hz) 

•! HAM-ISI uses differential signals 

dominated by sensor noise  

Possible Mitigations: 

•! Blend Filter tuning    

•! Tilt Sensor 

•! Interferometry 
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