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Wave & Particle Astronomy

• Constituent of the universe  wave & matter (visible & dark)
• How to probe & understand the universe (apart from theory)    
 wave & particle

• “wave astronomy” (EM and gravity only at large scale)
• EM astronomy (optical, UV, IR, X, γ)multi-wavelength now 
• GW astronomy  GW discovered in 2015 (GW150914) 

• “particle astronomy” (why not)  
• GW170817 via GW & EM  NS-NS merger & GRB & kilonova 

dawn of “multi-messenger astrophysics (MMA)” 
• Future GW detectors  “multi-wavelength GW” astronomy 



Content

• Gravitational wave detectors 
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Detection of Gravitational Wave

• Resonant Acoustic Detectors
• Bar detectors: Auriga(Italy), ALLEGRO(USA) … 
• Spherical detectors: Mini-Grail (Netherlands) …
• Sensitive to order of kHz of GW

• Laser Interferometers 
• Ground Laser Interferometers: LIGO, VIRGO, KAGRA
• Space Laser Interferometers: LISA, DECIGO …

• Pulsar Timing Arrays
• Maximize the sensitivity to relatively low-frequency 

hum of colliding supermassive black holes
• Parkes PTA (Australia), NANOGrav (North America), 

European PTA (Europe), SKA …  dozens of pulsars
• CMB polarization

• Preserved the space stretched/squeezed by Inflation 
• BICEP2 mistook dust in the Milky Way for its quarry 

• Others
• Doppler tracking, Atom interferometer …
• Stellar Interferometer in this talk

Frequency range: 10-18 ~ 108 Hz
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Coherence Experiments (two types)

Coherence?
• Measure of the correlation between the phases measured at 

temporally or spatially different points on a wave

Spatial coherence(lateral coherence):   
… difference at points transverse to the 
direction of propagation showing how 
uniform the phase of the wavefront is (size 
of the source)

Temporal coherence(longitudinal):        
… difference at points along the direction of 
propagation showing how monochromatic a 
source is (spectral purity of the source)

coherence length coherence time Path length difference



Spatial Coherence 

Separation is bigger for smaller 
viewing angle of source.



Coherence Experiments (two types)

• Spectral purity, coherence time τc≈1/ ∆ν
• Laser has large τc up to some µs, while 

white light in the order of fs
• Michelson interferometer 

• Spatial extent of the source
• used for measuring angular diameters
• Basis for stellar interferometry, widely 

used these days for imaging of 
astrophysics objects

Spatial Coherence 

LIGO, LISA

SIGN

Temporal Coherence 



Measurement of the 
angular diameter of 
stars

Stellar Interferometer (1920) 



Concept of SIGN (2018)
measurement of GW intervention on spatial interferometer

stellar source

mirror on satellite

mirror on satellite

Change 
detection

Measurement of the 
angular diameter of 
stars

The path of star lights 
perturbed by passing 
of GW 

SIGN (Stellar Interferometer for Gravitational wave) 

 





Michelson Stellar Interferometer (1920) 
First direct measurement of stellar diameter with the a telescope at Mount Wilson (α-Orionis)



Michelson Stellar Int.(1920)  SIGN(2018)

fringe visibility 
v. separation



Two satellites option: Tandem operation



Comparison among LIGO, LISA, and SIGN 

LIGO and LISA: A gravitational wave propagates normal to the interferometer plane
SIGN: it travels in the direction of the interferometer plane of two parallel EM lights



Candidates of Stellar Sources for SIGN

star λEM (µm) size of star 
(times Sun)

distance to 
star (Ly) θs (µarcsec) ls (km) sun seeing 

size (m)
apparent 

mag
SPICA 0.6 7.4 262 428.40 0.352 0.98 

SPICA secondary 0.6 3.64 262 210.72 0.716 0.98 
SMC AB8 0.6 2 197000 0.15 1000 12.83 

WR1 0.6 1.33 11000 1.79 84 10.54 
WR2 0.6 0.89 8200 1.60 94 11.33 

R136a1 0.6 30 163000 2.72 55 12.23 
Sun point (.1marcsec) 0.6 1 1.58E-05 100 5 15 ~10

Major concerns are of coherent length, size, distance, apparant magnitude

Sun point as 
a stellar 

source of 
SIGN

SMC AB8



Path length difference in SIGN
(to be published elsewhere)



Simulation of EM perturbed by GW
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GW



Response of the SIGN detector



Antenna patterns in long-wavelength approximation



Shot noise



Sensitivity of SIGN with shot noise
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Then the sensitivity of SIGN is derived to

where the factor (Lc/ls) comes from the first-order detector response which
reflects the fact that the separation between two satellites is not
comparable to the wavelength of GW.



Acceleration noise
• Dominant at the low frequency range, below a few mHz.

• For the case of LISA, this is the noise due to the
acceleration on a test mass. 

• Come from various sources of force involved, which is 
proportional to f2. 

• LISA Pathfinder launched in Dec 2015 to measure free-fall
noise in space at frequency from 20 µHz to above 300 Hz. 

• The constant term in this noise is ~2×10−15 m s−2/√Hz. 



Acceleration noise estimate for LISA
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Acceleration noise
• Acceleration noise in SIGN be much lower than that of 

LISA 
• SIGN will not host any test mass but a simple

photodetector
• The orbital plane of satellites in SIGN is chosen to be

perpendicular to the line of sight for a reference star. So 
potential forces resulting in acceleration noises in this
direction would be small.



Sensitivity of running and planned GW exps
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Sensitivity of running and planned GW exps

28

• 8-mag star, ls=1,000 km, fc=10−7, 10−5, 10-4

Hz (4 months, 2 days, 3 hours of tint)
• apply f−3 dependency for left wings from

each fc for acceleration noise and response
function of SIGN.

• apply f2 dependency for right wings from
each fc for response function of SIGN.



Sensitivity of running and planned GW exps
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The SIGN would be complementary to
on-going or planned experiments by
filling a not-yet-considered range of GW 
bands, perhaps coming from potential
sources of 107 to 108 solar mass binaries.



Technical challenge 
• Pointing, stabilization & disturbance-free system

 Interferometry: Track fringes to establish separation changes with 
10pm accuracy

 Inertial sensing: Sense deviations from inertial (geodesic) 
trajectories

 Micro-newton thrusters: Mitigate against deviations from inertial 
trajectories owing to, e.g., acceleration noise from solar wind

• Maneuvering of satellites constellation
 Tandem operation
 Thrusters and fuel for long term operation in space

• Realization 
 Low cost: ~$60M depending on orbit chosen
 Fast leadtime: 6 years after funding 
 A pathfinder experiment (or prototyping an idea) foreseen



Conclusion
• We propose a new method to detect GWs, based on the space-based 

spatial coherence interferometry using star light as opposed to 
conventional laser light. 

• Two beams of light from a distant star are used in our space-borne 
experiment. In contrast to existing or proposed future gravitational 
wave detectors where the plane of two laser beams are located 
orthogonal to the propagation direction of gravitational waves at the 
maximum response to gravitational waves, our SIGN interferometer 
configures the direction of gravitational waves along the plane of two 
light beams. This configuration is expected to reduce noises in the 
low-frequency range significantly.  need SIGN-pathfinder mission

• For the SIGN experiment, important parameters include brightness, 
distance from us, size, and light bandwidth of a star. 

• The SIGN would be complementary to existing GW detectors like laser 
interferometers and pulsar timing arrays, by covering the frequency 
ranges of 10−7 −10−4 Hz of GWs.



END
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Stellar intensity interferometer. Two mirrors serve as light
buckets and collect photons from a star. The intensity signal
received at each photocell is converted into an electrical
signal and sent to a correlator. The correlator multiplies the
signal from the two detectors, providing the second-order
coherence G(2). By changing the baseline B it is possible to
retrieve a function similar to the visibility curve.

What  about Intensity Interferometer
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