Ph. D. defense
B m X EAER

A Study of Baseline Compensation
System for Stable Operation of
Gravitational-wave Telescopes

(RO LZEBE D 7= O DAL EAE S A T L D)

Kouseki Miyo
=X VA

January 15th, 2020 JGW-G2011167


https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/DocDB/ShowDocument?docid=11167

Contents

( 1. Motivation

e Duty cycle of the GW detectors
e Problems of seismic motion in large-scale GW detectors

( 2. Review of the previous seismic 1solation system

e Seismic isolation for stable operation
e Limit of the current system

( 3. Baseline Compensation System

e Overview
e Comparison between our system and previous system

( 4. Demonstration and its results

e Setup for demonstration
e Results

( 5. Summary

e Conclusion
e Future prospects



Contents

( 1. Motivation

e Duty cycle of the GW detectors
e Problems of seismic motion in large-scale GW detectors



Gravitational wave observation
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Gravitational wave observation

.
Sensitivity « range
o« (volume)!/3
. « (event rate)!/3

e.g. LIGO detector

O

ORIGINAL LIGO ADVANCED LIGO (first run)
2002-10 Sept 2015 to Jan 2016
Range*: 20 million parsacs

ADVANCED LIGO (future)
Ravgar 200 million parsecs
Ranger 60 million parsecs (640 million light ysars)
{64 millian light years) (190 million light years)
Resuits: No gravitational Results: Dstoctac??rst

wavas detectad gravitational waves

Capricornus

Castelvecchi, D.
Nature 530,
261-262 (2016)

. 31 million parsecs
(100 million light yazrs)

Duty cycle = D1 xDax D3 x ...
( Dj: duty cycle of the i-th detector )

This study focuses on this




None-observation state

e.g. LIGO detectors during the first observation (O1)

Abbott, B. P, et al. Living Reviews in Relativity 21 (2018) 3.

© Observing
@ Locking
@® Environmental
@® Other
Hanford Livingston
Locking
® transition state toward observation state
Environmental
® could not lock due to seismic disturbances.
Other

® commissioning or planed maintenances.



None-observation state

e.g. LIGO detectors during the first observation (O1)

Abbott, B. P, et al. Living Reviews in Relativity 21 (2018) 3.

@ Observing
Locking

@ Environmental
@ Other

Hanford Livingston

Environmental
® could not lock due to seismic disturbances.

We need further improvement of
the seismic 1solation system.




Why GW detectors are weak to seismic disturbances?

]
Basic design of the GW detectors 1s
Dual-recycled Fabry—Pérot Michelson interferometer
® long arm cavity
® power recycling cavity
® signal recycling cavity
power
recycling
cavity
N .
km-scale arm cavity
1] n
——

R
? signal recycling cavity 8



Why GW detectors are weak to seismic disturbances?
]

Especially, it 1s most difficult to keep
the arm cavities on resonance state.

I:I km-scale arm cavity I:I



Difficulties 1n the cavity control

displacement

VA A WA -
—— Intra cavity Error signal
power
—— >
\/ displacement
Error signal —

Oscillator Mixer Lowpass FWHM

Pound—-Drever—Hall (PDH) technique

Resonant condition
® cavity length = N x wavelength (N=1,2,...)

Controlable condition
® Error signal is linear in FWHM range (~ nm).

Seismic disturbances should be attenuate within a few nm.
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Difficulties 1n the long cavity

There are few differential motion reduction in
the large-scale GW detectors in the low-frequency.
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Seismic Noise
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Seismic Noise

Amplitude Spectrum Density
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Seismic Noise
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Review
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Review

displacement [m/,\/HZ]
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Review : seismic 1solation system
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Review

displacement [m/,\/HZ]
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Review

displacement [m/,\/HZ]
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Review

displacement [m/,\/HZ]
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Review
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Review
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Review

displacement [m/,\/HZ]
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Current seismic 1solation system seems fine, but...

Limit has become apparent [
® Suspension 1s weak to seismic disturbance below 100 mHz
due to the inertial sensor’s noise.
e Earthquake often shakes this band.
® Once lost locking state, 1t takes several hours to recover.

My study resolves this sensor noise problem.
e [IGO 1s optimizing the control filter in the software
because of no better sensitive sensor .
o KAGRA resolves this problem by using a laser strainmeter
directly.

[*] Biscans, Sebastien, et al.

"Control strategy to limit duty cycle impact of earthquakes
on the LIGO gravitational-wave detectors."

CQG 35.5 (2018): 055004.

25



Contents

( 3. Baseline Compensation System

e Overview
e Comparison between our system and previous system

26



KAGRA and strainmeter

3000 m
Y arm

ICRR, Univ. of Tokyo

Strainmeter

X arm

500m 1500 m 1000 m
27



Baseline Compensation System
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sectional view of X-arm tunnel

Feedforward control using a strainmeter
® compensate for the cavity length by actuating the top stage
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Comparison between seismometer and strainmeter

displacement [mA/Hz]
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Strainmeter has a better sensitivity below 0.1 Hz
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Advantage of our system

Strainmeter

L 1 1
|| 1 || 1
777777777 V77777777777 777777777 V77777777777

Relax the feedback control
® reduce loads of the actuation forces on lower-stage
® avoid the saturation of the actuation force
— More stable control
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Setup for Demonstration

compensation signal

o [

ALbaseIine

Purpose 1s to demonstrate the reduction of the
cavity length fluctuation when using the baseline
compensation system

32



Setup for Demonstration

N

Af

M

ALbaseIine

]

Laser
AOM
T PD

ALcavity

Feedback < PDH

signal methods

® Keep the X-arm cavity on resonance by feedback
control using AOM as a frequency actuator.
® Baseline length fluctuation ALcavity 18 measured

by a strainmeter

® cavity length fluctuation ALcavity 1s calculated

from the feedback signal
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Results
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Results

Displacement [um/rtHz or um]
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Comparison with the simulation
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Discussion
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Conclusion

® In order to improve the duty cycle, which 1s limited by
seismic motions on the arm cavity in the low-frequency
band, we needs to reduce this disturbances.

® We designed the baseline compensation system and

demonstrate its performance by using X-arm cavity of
KAGRA.

® As aresult, this new system had compensated the
fluctuation of the arm cavity.

® This is the first demonstration of the baseline compensation
on the km-scale GW detector in the world.
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Future prospects

® To eliminate the internal coupling from other degrees of
freedoms, we will evaluate the performance of the
compensation system in the case that local feedback loops

are not engaged. (KAGRA 1s now under the commissioning
of that)

® Install a strainmeter at the Y-arm and compensate the both
arm cavities.

End
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Duty cycle of GW detectors

e.g. LIGO detectors during the first observation (O1)
® O1: 12 Sep. 2015 - 19 Jan. 2016 (49 days)

1. “Observing”
® (Observation status. (= duty cycle)
2. “Locking”
® Just locking the interferometer
but noisy. Can not observe.
3. “Environmental”
® (Can not even lock due to
environmental disturbances

4. “Others”
® Maintenance and commissioning

Hanford Livingston

Abbott, B. P, et al. Living Reviews in Relativity 21 (2018) 3.

® |ine
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Duty cycle of GW detectors

arXiv:1304.0670v9

Ol 02
Status Hanford  Livingston  Hanford  Livingston  Virgo
Operating mode %  Observing 64.6 57.4 65.3 61.8 85.1
Locking 17.9 16.1 8.0 11.7 3.1
Environmental 9.7 19.8 5.8 10.1 5.6
Maintenance 44 4.9 54 6.0 3.1
Commissioning 2.9 1.6 3.4 4.7 1.1
Planned engineering 0.1 0.0 11.9 5.5 -
Other 0.4 0.2 (0.2 0.2 2.0

® “QObserving”
® (Observation status
® “Locking”
® Not observation but just
locking the interferometer
¢ “Environmental”
® Not even locking due to
environmental disturbances

e 01 (49 days)

® 12 Sep.2015-19 Jan. 2016
® “Environmental” ratio raised in

winter season.
e 02 (117 days)

® 30 Nov. 2016 - 25 Aug. 2017
® AdV joinon 1 Aug. 2017
® Avoided winter season
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Fabry—Pérot optical resonance cavity

® Resonance condition

® Resonance condition
® The cavity can resonate within the linewidth which is given by

A T /FT:
(& = T/ )

Lrwaw — =
2.7 1 — 71719

e Arm cavity has the most small linewidth (a few nm)
e Arm cavity is a most fragile cavity against the displacement
noise AL.

iIntra-cavity ,
power

AL 45



Gravitational-wave (GW)
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GW detector

o EHJHEERT B &
RIS LIE T %

Michelson interferometer

Laser
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GW detectors network

LIGO Hanford

_. . e

https://www.ligo.caltech.edu/image/
ligo20150731f

Operational

Planned

S://www.li go.caltech.edu/ima@éAdioao20160211c

https://www.ligo.caltech.edu/image/
ligo20150731c

the University of Tokyo. =
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GW150914: binary black hole merger
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Abbott, B. P, et al. Phys. Rev. Lett. 116, (2016), 061102.
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® Detected by
2 LIGO detectors
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GW170817: binary neutron star inspiral
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Abbott, B. P, et al. Phys. Rev. Lett. 119, (2017), 161101.
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Sky localization of GW 170817

LIGO-Virgo (rapid) 31 deg?

~LIGO-Virgo (higher latency)

3M | 2
190 deg? /

-~ host galaxy NGC 4993

OO

190 deg? — 31 deg?

Abbott, B. P, et al. Phys. Rev. Lett. 119, (2017), 161101.
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Multi-messenger observation

-

LIGO LIGO & Virgo A
190 deg? — 31 deg?

16h

Abbott, B. P, et al. Astrophys. J. Lett. 848, (2017), L12.

IPN Fermi /
INTEGRAL

Swope +10.9 h

30 Ele I

After
GW170817

® Many electromagnetic counterparts discovered 1n Ultraviolet, optical,

infrared, Gamma-rays, X-rays, and radio.

® To localize the GW sources, we must operate 3 detectors simultaneously.
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Detection principle of GW

o GW
® Michelson interferometer sensitive to the differential arm motion.
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ALS & DI

® Arm Length Stabilization
® for lock acquisition
® cannot use 1n observation state
due to high noise
® improve “locking” down-time

® Baseline Compensation
® for vibration 1solation
® can use any state

® improve “‘environmental”
down-time
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