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Introduction of KAGRA
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KAGRA is currently installing the instruments to start the full operation at 2020.
The error of calibration and reconstruction propagate to waveform error.

If the reconstructed h(t) of LIGO, Virgo and KAGRA include bias, we misestimate
the GW parameters.

“Detector bias”



KAGRA photon Cahbrat()r |

- Technologicaly
established in LIGO.
. 20W laser

- Modulate laser power

. Assuming free mass

motion Displacement
9P cos § M
1+ —a b

s(f)
laser pPOoOwWer IN NIST Transfer | Geometrical
function factor

Free mass motion: s(

. Calibrating absolute dr =

sz
We can calibrate the absolute dlsplacement

through the absolute laser power. 4



Calibration for LVK global observation

1. Calibrating response function of each interferometer

- Impact on e.g. CBC parameter estimation

2. Cross-calibraition of relative GW amplitudes of LVK
through laser powers of photon calibrator

- Impact on e.g. source localization

3. Absolute calibration of GW amplitude through the absolute
power calibration of photon calibrators

- Impact on e.qg. source distance

j_IGO Hanford

Cross-calibration of
LIGO Livingston | the PcalHaser power

t0 decrease “Detector bias”
\-Qp
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Calibration for LVK global observation

1. Calibrating response function of each interferometer

- Impact on e.g. CBC parameter estimation

LIGO Hanford

> T ——————

S Cross-calibration of
the Pcal-laser-power
t0 decrease “Detector bias”

[
LIGO Livingston
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KAGRA Feedback loop model

...Real time interferometer control =~ Reconstruction Pipeline

A § d_g_"[,[ 4 /C model
=ik
Actuation filter

- -
oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

We reconstruct h(t) by modeling time-dependent Sensing and
Actuation factor

model |- _ Kc(t) _
(Crmotel ] 0(1,0) = 155 2@ = PULOQ).

- :A(f, t) = K,M(t)AM,o(f) + Hl(t)AI,O(f) + f‘GT(t)AT,O(f)

h(t) = AL?(t) = C '%de(t)/L + Axden(t)/L




KAGRA Feedback loop model
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Calibration for LVK global observation

2. Cross-calibraition of relative GW amplitudes of LVK
through laser powers of photon calibrator

- Impact on e.g. source localization

_LIGO Hanford

T —————

. S Cross-calibration of
the displacements
to calibrate “Detector bias”™

LIGO Livingston
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Calibration standard (Previous study in LLIGO)

Laser power standard

National Institute of
Standards and Technology
U.S. Department of Commerce

LIGO prepare the Integrating
spheres and photo detectors

Calibrating absolute laser power of
Photon calibrator by comparing
response of detector

Gold Standard

calibratle/’ Nalibrate

LIGO Hanford LIGO Livingston

Integrating sphere



Calibration standard (Current status)

Laser power standard

National Institute of
Standards and Technology
U.S. Department of Commerce

calibrate

Gold Standard

calibrate‘/’ $calibrate‘\\ca"brate

LIGO Hanford LIGO Livingston KAGRA




Calibration standard (Current status

Laser power standard




Calibration standard (Future)

Laser power standard

NIST

$calibrate

National Institute of
Standards and Technology
U.S. Department of Commerce

Under discussing with
Loic Rolland and
Benoit Mours

Gold Standard

LIGO Hanford LIGO Livingston N KAGRA

Calibrate relative
displacement for each




I .ocalization Analysis method adopted from arxiv1606.00953

LVK localization error: NS-NS 150 Mpc

eg

LHO,LLO,Virgo,KAGRA
1.4-1.4 BNS

150Mpc

LHO,LLO: no bias
Virgo: +10%

KAGRA: -10%

90% credible area (d

bilas of up to 1.2 deg

(large bias in weake

combined antenna regi

ﬁ

on)
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I .ocalization Analysis method adopted from arxiv1606.00953

LVK localization error: NS-NS 150 Mpc

eg

LHO,LLO,Virgo,KAGRA
1.4-1.4 BNS

150Mpc

LHO,LLO: no bias
Virgo: +10%

KAGRA: -10%

90% credible area (d

Dec.

Bias (deg)

bilas of up to 1.2 deg
06 (large bias in weaker
** combined antenna region)

0.2
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Calibration for LVK global observation

3. Absolute calibration of GW amplitude through the
absolute power calibration of photon calibrators

- Impact on e.g. source distance

g LIGO Hanford §

Cross-calibration of
the displacements
to calibrate “Detector bias”™

LIGO Livingston
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Comparison of absolute power of laser power standard

Molectron, Nd:YAG,1 W
3%
2%
1%

0%

DoE

-1%

-2%

-3%
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Power standard also have uncertainty

Metrologia, Volume 47, 1A, 02003 (2010) Technical Supplement, Figure.11



Calibration standard (More future)

Laser power standard Laser power standard
National Institute of @ A ’
g Standards and Technology ’
U.S. Department of Commerce NATIONAL S¢STITUTE OF

ADVANCED INDUSTRIAL SCEINCE AND TECHNOLOGY (AST)

$calibrate calibrate $

i~m5

LIGO Hanford

LIGO lemgston

We plan to make GSK for crosschecking

18



Summary

- KAGRA is currently installing the instruments to start
the full operation at 2020.

- KAGRA will employ the photon calibrator to calibrate

the distance of the test masses.

- We are studying the calibration for LVK global

observation.

- We start the cross-calibration of photon calibrator
between LIGO and KAGRA.

- We want to start the cross-calibration study in LVK

observation network.
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Overview of Photon calibrator

------
.......
------------
nnnnnn

......

-----

-------

36 m
We finish the design ! We will install all the system in 2018 Apr.
2
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Specification of Photon Calibrator

KAGRA advanced LIGO advanced Virgo

Mirror material Sapphire Silica Silica
Mirror mass 228 kg 42 kg 40 kg
Mirror diameter 220 mm 340 mm 350 mm
Mirror thickness 150 mm 200 mm 200 mm
Distance of Pcal from ETM 36 m 8 m 1.5m
Pcal laser power 20W 2W 3W
Laser frequency 1047 nm 1047 nm 1047 nm
Incident angle 0.72 deg 8.75 deg 30 deg

1. 20W High power laser
-We can inject the calibration line at the high frequency
using high power laser
2.Advantage of high frequency observation

-We can attenuate the elastic deformation at the high

frequency due to the rigid material of sapphire
21



Optlcal gain Original work in LIGO D.Tuyenbayev 2017
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Original work in LIGO D.Tuyenbayev 2017
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: Original work in LIGO D.Tuyenbayev 2017
Actuation of test mass
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Open loop transter function

DARM Open Loop Gain

o
o

Magnitude (dB)
>
(=)
|

1

_60: 2 2 2 2 2aaal 2 2 2 2 aaaal
1 10 10°

10°

Frequency (Hz)

TN

1

200 . . . ... e
1 10 10°

10°

Frequency (Hz)

N S
0O

Magnitude (dB)
» b N
o O O O

&
=)

2

Phase (deg.)
. n
o 8 8

S

-200

Actuator transfer function
:1 | == = ‘I =
1 10 10? 10°
Frequency (Hz)
S B ——
po= . 2 222l 2 2 2 2 aaaszl
1 10 102 10°

Frequency (Hz)

We calculate the error propagation from each time-dependent

parameters to AL by assuming these transter function.
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Schedule

2020 Full operation
~3% response function error

(Photon calibrator, Free swinging Michelson)

s ’
. /*

2019 Fabry-Perot interferometer f
~5% response function error
/2020

(Photon calibrator, Free swinging Michelson)4

bKAGRA Phase3
bKAGRA Phase?2

2018 Michelson interferometer y

~10-15 % response function error
(Free swinging Michelson)

NIMAG24,223 457 13
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Requirement from analysis

Amplitude
- Neutron star binary (Parameter estimation)

- High z event (Cosmology)
- Localization (follow-up observation)

Phase
- Localization (follow-up observation)

Gold-plated event
- High S/N >30 event; GR test
. Supernova event in our galaxy

We propose to set a requirement of 3%
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Error Budget of LIGO Pcal

Parameter uncertainty

Laser power 0.57%

Angle 0.007%
Mass of test 0.005%
Rotation 0.40%
Total 0.75%

Absolute Transfer
force function Rotation

OxX = A—PCOSH s(f)

C
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Systematic error of beam position
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