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Ando Lab
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• 3 Master Students

• 8 Ph.D Students
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重力波とはなにか 
「時空のさざなみ」が拓く新たな宇宙論  

•

重力波で見える宇宙のはじまり  
「時空のゆがみ」から宇宙進化を探る  



Gravity in GR
• Gravity: Strain of space-time

• The heavier an object, the larger the induced strain

NAOJ  Gravitational Wave Project Office



Gravitational Wave
• Gravitational wave = propagation of strain

R. Hurt/Caltech-JPL/EPA



Characteristic of GW
• Tidal force


• High transparency



Source of GW
• Sources of GW: mainly astronomical objects

‣Compact binary merger (black hole, neutron star)

‣Supernova

‣Pulsar

‣Early universe


• GW tells us what we can’t see by EM wave

→ GW detector is our new “eye”

 http://gwcenter.icrr.u-tokyo.ac.jp/plan/aboutu-gw



Physics of GW
• What we have  learned from GW:

‣Propagation speed (almost the same as light)

‣GR is consistent

‣There are BHs with O(10) solar mass

‣Constraints on equation of state of NS

‣NS merger generates heavy nuclei

‣etc…


• What we will learn from GW:

‣Test of GR

‣Generation process of Supermassive black hole

‣Fluctuation of early universe

‣etc…



First Detection
properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

PRL 116, 061102



重力波の大きさ

7大型低温重力波望遠鏡 KAGRA

h = ΔL / L = 10 -21

How to Measure
• Typical scale: h ~ 10-21

‣Very precise measurement


L
δL = Lh

“ If you could detect GW, 

you could do anything else as well”



GW Detector
• Resonant-Mass

‣1st GW detector


• Laser interferometer

‣Current standard


• Torsion pendulum 

‣Our original



GW Detector
• Resonant-Mass

‣1st GW detector


• Laser interferometer

‣Current standard


• Torsion pendulum 

‣Our original

11 11 真空タンク内で防振された60Hz重力波アンテナ 

← Weber Bar

   Resonant-Mass 

   Detector 

↓ (Hirakawa lab era)

from Prof. Tsubono’s Final Lecture

MIT



GW Detector
• Resonant-Mass

‣1st GW detector


• Laser interferometer

‣Current standard

‣KAGRA (on earth): L ~ 3km

‣DECIGO (in space): L ~ 1000km


• Torsion pendulum 

‣Our original



Laser Interferometer
• Make use of interference of laser

‣GW comes → Arm length changes 


→ Laser power at photodetector changes

Mirror Mirror

Photo Detector

Beam

Spliter



KAGRA
• Site: Kamioka

• Underground of Kamioka, Gifu

• Now under construction

• Operation will start in FY2019

3km3km

ICRR



画像はイメージです



DECIGO
• Laser Interferometer in space

• Arm length: L ~ 1000km

PTEP 2016 (2016) no.9, 093E01



Sensitivity



GW Detector
• Resonant-Mass

‣1st GW detector


• Laser interferometer

‣Current standard


• Torsion pendulum 

‣Our original

‣TOBA



TOBA
• TOBA = TOrsion-Bar Antenna

• Measure the rotational motion of a bar

• Resonant frequency:

‣Normal pendulum: ~ 1Hz

‣Torsion pendulum: ~ a few mHz


• More sensitive at low frequency (< 1Hz) 



Phase-III TOBA
• Now constructing of a prototype (Phase-III TOBA)

Active Vibration  
Isolation System

50K Shield

4K Shield

Cryogenic Cooler

Test Mass



Lorentz Invariance Test
• Isotropy of light speed: principle of (general) relativity

• But could only be an approximate

• Test of anisotropy

‣Two-way: Michelson-Morley type


‣One-way: our type

c(θ)
c(θ + π/2)

c(θ)

c(θ + π)

δc
c

≲ 10−18

δc
c

≲ 10−15

World Best!



Laser Collimator

signal
∝ kl − km

PD PD

Optical Fiber

Mirror

Mirror

Mirror

rotation

medium
(silicon)

double-pass

Experimental Setup
・medium→ sensitivity for odd parity violation
・double-pass
→ comparison between resonant frequencies
high common mode rejection
・Rotation 
→ modulation of the signal 1550nm

Frequency 
Lock
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Made by Hiroki Takeda


