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LIGO Outline

—

Motivation - why low frequencies?

Past Newtonian noise estimates
Simulation of subtraction ability
Array measurement at LIGO Hanford

Implications of results - what does this mean for
future terrestrial detectors?
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LIGO Motivation

—

More SNR at lower frequencies:

Better matched filtering

Palomar

Longer lead time for EM triggers

Possibility of interesting pulsars

Crab Pulsar

LIGO-G1200540 GWADW, 15 May 2012 3



LIGO Past Newtonian Noise Estimates

Advanced LIGO and 3rd Generation Strain Curves
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LIGO Past Newtonian Noise Estimates

Saulson, 1984, Average Underground Site
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LIGO Past Newtonian Noise Estimates

Hughes and Thorne, 1998, Seismic, 3= 0.6
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LIGO Past Newtonian Noise Estimates %)

”o(\\f’

—

Creighton, 2008, Infrasonic Atmospheric, 75% Level
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LIGO Past Newtonian Noise Estimates

Creighton, 2008, Temperature Perturbations,

- Smooth Streamhnes
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LIGO Past Newtonian Noise Estimates

LIGO 90% Seismic, Measured 2011

- Creighton, infrasonic
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LIGO Simulation of Subtraction Ability C% J
— g

Simulate seismic fields

Need time series, and correlation between many points
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LIGO Simulation of Subtraction Ability

—

Simulate seismic fields

Need time series, and correlation between many points

Calculate resultant Newtonian noise

ﬁ ver
Along arm cavity axis: dayy = oF = Gpo/dS 3 5 Ly
m r
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LIGO Simulation of Subtraction Ability

—

Simulate seismic fields

Need time series, and correlation between many points

Calculate resultant Newtonian noise

5ﬁ ver
Along arm cavity axis: dayy = — = GPO/dS 3 : s
m r

Use simulated Newtonian noise models for testing, optimizing;:

Filtering methods

Array configuration

LIGO-G1200540 GWADW, 15 May 2012 5



LIGO Simulated Seismic Fields

—
Plane waves describe seismic field
Most sources are distant - ~="~----. NN\

Implications if we're wrong:

Complex fields are hard to monitor
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LIGO Simulated Seismic Fields

—
Plane waves describe seismic field

Most sources are distant 5 NN
Implications if we're wrong: -7 #Y\ ~
Complex fields are hard to monitor / ‘ ~
No body waves / ‘

Assume body wave amplitudes are much smaller than
surface wave amplitudes
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LIGO Simulated Seismic Fields

Pr——
Plane waves describe seismic field ‘

Most sources are distant

Implications if we're wrong:
Complex fields are hard to monitor

No body waves

Assume body wave amplitudes are much smaller than
surface wave amplitudes

Implications if we're wrong:
Have to monitor seismic fields beneath the surface
May need to monitor larger radius around test mass
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LIGO Simulated Seismic Fields

—
Plane waves describe seismic field

Most sources are distant e
Implications if we're wrong: AN
. . \ S
Complex fields are hard to monitor

No body waves

Assume body wave amplitudes are much smaller than
surface wave amplitudes

Implications if we're wrong:
Have to monitor seismic fields beneath the surface
May need to monitor larger radius around test mass

No scattering of seismic waves
Assume scattering amplitudes << 1
Implications if we're wrong;:

Many different wavelengths - hard to monitor

e —)
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LIGO Optimal Seismic Arrays

P
How to:

Define the subtraction factor at a single frequency
Optimize subtraction factor v R by changing:
Number of Sensors

Array size
Sensor layout

LIGO-G1200540
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LIGO Optimal Seismic Arrays

How to:
Define the subtraction factor at a single frequency
Optimize subtraction factor v/ R by changing:
Number of sensors 10 Seismometers

Array size ° . S

) o ©
Qe
Sensor layout 20 oS
Results: = :
Number of sensors is important 10
Extent / size of array is important 0 0 10

Specific layout is much less important ~ Along Beam Axis [m]
Main requirement: "many close, some far"

LIGO-G1200540 GWADW, 15 May 2012



LIGO Optimal Seismic Arrays

How to:
Define the subtraction factor at a single frequency

Optimize subtraction factor v/ R by changing:

Number of sensors

. 10—2 i
Array size
\g —4
Sensor layout 1077
Results: 10-6|

Number of sensors is important
10°% |
» . , 10" 10 102
Specific layout is much less important Frequency [Hz]

Extent / size of array is important

Main requirement: "many close, some far"

For 10 Hz optimized array, can achieve
(theoretical) subtraction factor of ~1e-6 with 10 sensors

e —)
LIGO-G1200540 GWADW, 15 May 2012 7



LIGO Subtraction of Simulated Noise

—

Comparing
Online feed forward cancellation

Offline Wiener filter cancellation

—— Noise model 3G
—— Newtonian noise (simulated)

Online, then offline later

~ —— Optimal, N=10, r=8m, post NN res.
gy —— Optimal, N=10, r=8m, FF NN res.
R ¢ —— Optimal, N=10, r=8m, FF+post NN res. |
~

Take-home message: £

We think we can 2
o

SuppreSS =

. : s
Newtonian noise for 3
Advanced LIGO and

3G detectors

Frequency [Hz]
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o Actual Measurements

-

-

Installed: April 2012

R ———————————————(
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Installed: April 2012
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Installed: April 2012

LIGO-G1200540 GWADW, 15 May 2012



LIGO  Spiral Layout - 44 Sensors

.—
ETM for One Arm Test North

South
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LIGO Dominant Wave Vector vs. Time

10 Hz 25 Hz 50 Hz

Wavenumber ky [rad / m]

Wavenumber k, [rad /m]
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LIGO Summary of Results from Movies

Prm————
Simple plane wave, most of the time
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LIGO Summary of Results from Movies

Prm————
Simple plane wave, most of the time

Fans are most significant source, especially near 10 Hz
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LIGO Summary of Results from Movies

Prm——
Simple plane wave, most of the time

Fans are most significant source, especially near 10 Hz
Possibly seeing some reflections

Need further analysis, why is the speed so small?
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LIGO Summary of Results from Movies

Pr——
Simple plane wave, most of the time

Fans are most significant source, especially near 10 Hz
Possibly seeing some reflections

Need further analysis, why is the speed so small?

Mostly surface waves
Need to calculate surface vs. body amplitude ratios

f=10Hz f=25Hz f=50Hz
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LIGO Summary of Results from Movies
P
Simple plane wave, most of the time

Fans are most significant source, especially near 10 Hz
Possibly seeing some reflections

Need further analysis, why is the speed so small?
Mostly surtace waves
Need to calculate surface vs. body amplitude ratios

Not much evidence of scattering
f=10Hz f=25Hz
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LIGO Wave Speed vs. Frequency

2am 10am

N
(&)
o
o
N
N
o
o

.
PR
3 !
by 3
500““m“wnw.
b
.
.
¥

Speed, 10Hz [m/s]
Speed, 10Hz [m/s]

0 200 400 600 800 1000

» : : ; @2

£, £ | | |

0 0

N N

$ 500/ : 2 5004

0] ' b}

Q Q

(D Il 1 1 | | (D | | 1 | |
0 200 400 600 800 1000 0 200 400 600 800 1000

@ R @ . . . . .

N 1000-':~r~-r--g : N 1000 e

o - y Ve o L*

s} R A 0 :

o hE I So) ‘ S PENC W A ‘ : ; g w

5 S00pH é,:ggw § S0 ,@m{.ﬁmg HiE s gs Ty

n n :

0 200 400 600 800 1000 0 200 400 600 800 1000
Time [s] Time [s]

e —)
LIGO-G1200540 GWADW, 15 May 2012 13



LIGO  No Body Waves at 25 Hz?

Lots of noise at 25Hz - probably a surface source dominating
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LIGO [Propagation Direction vs. Freq

Azimuth, 10Hz [deq]
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LIGO

Accelerometer # 44, raw data
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LIGO  Testing the Filtering Code

Accelerometer # 44, residual, after subtraction
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LIGO

Testing the Filtering Code

Removed all seismic signal, down to noise floor
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LIGO Implications for Future Detectors \%}/

—

Surface seismic waves really do dominate - good!

Not much scattering - good!
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/
%O Implications for Future Detectors

Surface seismic waves really do dominate - good!
Not much scattering - good!

10 or fewer sensors per test mass

Wilcoxon accelerometers sensitive enough

< $1,000 per single-axis sensor

—
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LIGO Implications for Future Detectors
Pr——

Surface seismic waves really do dominate - good!

Not much scattering - good!

10 or fewer sensors per test mass

Wilcoxon accelerometers sensitive enough
< $1,000 per single-axis sensor

[solating air handler fans may be a way to
"shield" from Newtonian noise

LIGO-G1200540 GWADW, 15 May 2012 18
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LIGO Next Steps

P
Quantity scattering

Calculate overlap of detected wave with plane waves

Look at the first few dominant waves
Characterize sources

Quantify body wave vs. surface wave amplitudes

LIGO-G1200540 GWADW, 15 May 2012
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LIGO Next Steps

Quantify scattering
Calculate overlap of detected wave with plane waves

Look at the first few dominant waves
Characterize sources

Quantify body wave vs. surface wave amplitudes

Array measurements with controlled sources
Systematic study of types of sources
Scattering around a hole
Waveguiding

e ——)
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/
%O Next Steps

Quantify scattering
Calculate overlap of detected wave with plane waves

Look at the first few dominant waves
Characterize sources

Quantify body wave vs. surface wave amplitudes
Array measurements with controlled sources
Systematic study of types of sources

Scattering around a hole
Waveguiding

Model reflection and scattering using COMSOL
Compare with measurements

e —— el
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/
%O Next Steps

Quantify scattering
Calculate overlap of detected wave with plane waves

Look at the first few dominant waves
Characterize sources

Quantify body wave vs. surface wave amplitudes

Array measurements with controlled sources
Systematic study of types of sources
Scattering around a hole
Waveguiding

Model reflection and scattering using COMSOL
Compare with measurements

There's lots to do, both with the array and with Newtonian

noise studies in general. The more the merrier!

e ——m ()
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LIGO Vision of the Future

No Newtonian noise subtraction

Quantum: P . 450 W; ‘quz =10dB

—

= Seismic: -20 dB & Sus Anti Spring

== Newtonian Gravity: 1x subtraction

= SUS Thermal: 120K Si blades and ribbons
Coat Brown: AlGaAs Yooat — 2e-05
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Frequency [Hz]

LIGO-G1200540 GWADW, 15 May 2012 20



LIGO Vision of the Future

5x Newtonian noise subtraction

Quantum: P . 450 W; ‘quz =10dB

= Seismic: -20 dB & Sus Anti Spring
== Newtonian Gravity: Sx subtraction

= SUS Thermal: 120K Si blades and ribbons
Coat Brown: AlGaAs Yooat — 2e-05

-

-
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C 1]
> C Sub Brown: Si mirror (T =120 K, m= 134 kg) | g‘
: = NN N N e Res. Gas: 3 nTorr | %
—_— - m— Total 1=
.E 1 0'23 """ Adv LIGO broadband
& . P =
P - -
N
N

o
- - N
-
B e

created using gwinc.m on 12-Mar-2012
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LIGO Vision of the Future

10-21 IR U Quantum: P =450 W; ‘quz =10dB

= Seismic: -20 dB & Sus Anti Spring
fm== Newtonian Gravity: 30x subtraction E;
= SUS Thermal: 120K Si blades and ribbons ¢
Coat Brown: AlGaAs q =2e-05 E
e 22 coat &
E 10 Coating ThermoOptic: ®,  =5.5cm s
= cam ¢
= 2
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