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EM background radiation over Wide 
spectral ranges

Hauser & Dwek 2001,  ARAA Inoue 2014,  arXiv:1412.3886

Background Radiation: Residual photons after removal of 
contribution from all known sources

https://arxiv.org/abs/1412.3886
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Why do we study background 
radiation (not CMB)

" Not all astrophysical sources are resolved into individual objects !

" Background radiation is a result of integrated emission from its origins 
over the cosmic history.!

" Inversion of such an integration cannot be uniquely done, but we can 
learn about the sources that contribute to the background radiation by 
using other supplementary information such as spectrum, spatial 
ßuctuations, correlation with other wavelengths, etc.!

" Main contributing sources are!

" Gamma-ray/X-ray: blazars, AGN, quasars, radio galaxies!

" UV-optical-NIR: Stars in diatant galaxies, intra-halo component, etc.!

" Far-IR: star forming galaxies!

" Radio: star forming galaxies
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Example: Cosmic Infrared 
Background Radiation (CIRB)

" Main contributors to the di#use 
emission in near-IR band !

" Stars !

" Galaxies!

" Di#use Galactic light !

" Zodiacal light!

" There appears some additional 
unknown component!

" Issues!

" Accuracy of measurement!

" Origin

CIBERÕs LRS Data 
(Kim 2015)

Matsuoka et al. 
(2011), Matilla et 

al. (2011)



Preliminaries of 
gravitational waves
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Gravitational waves at LIGO/
Virgo band

¥ Compact Binary Coalescence (neutron stars and black 
holes) 

¥ Strong signal, but rare 

¥ Computable waveforms 

¥ Continuous (~ single neutron stars, early phase of 
inspiral) 

¥ Weak, but could be abundant 

¥ For single NS, deviation from axis-symmetry is not 
known 

¥ Burst (supernovae or gamma-ray bursts) 

¥ GW amplitudes are now well known, not frequent 

¥ Stochastic background (topic of this talk) 

¥ Superposition of many random sources 

¥ Could be useful to understand distant populations of 
GW sources or early universe

Black hole binaries
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Secular Evolution of Binaries in 
Quadrupole Approximation  

(Peters & Mathews 1963, Peters 1964)

" The GW frequency is twice of the orbital frequency:!

" The orbit averaged rates of changes of semi-major-axis, and 
eccentricities are
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GW frequency and the mass
¥ Duration of the frequency at f (ignoring the eccentricity)

  where 𝜂 is symmetric mass ratio:

¥ We may assume that the merger take place at innermost stable 
circular orbit (ISCO), then 

¥ The highest frequency for a given binary system is inversely 
proportional to the mass of the system.

T =
f
úf

=
5
96

! ! 8/ 3 c5

" (GM )5/ 3
f ! 8/ 3

⌘ ⌘ m1m2

(m1 + m2)2
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Evolution of GW amplitude 
during inspiral

" GW amplitude in time domain!

" Fourier transform!

" Characteristic Amplitude and power spectral density:

÷h(f ) ! M 5/ 6D ! 1f ! 7/ 6
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Characteristic Amplitude: 
Dimensionless

Power spectral density has 
dimension of Hz -1/2

hc(f ) = 2 f ÷h(f ) ! f ! 1/ 6;
"

Sh (f ) = hc(f )f ! 1/ 2 ! f ! 2/ 3
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GW Sources and Detectors in Wide 
Spectral range (characteristic amplitude)

http://rhcole.com/apps/GWplotter/



GW Sources and Detectors in Wide 
Spectral range (power spectral density)

http://rhcole.com/apps/GWplotter/



Stochastic 
Background
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What is the stochastic 
background?

" Random gravitational wave signal produced by a large number of!

"  weak!

"  independent!

"  unresolved sources!

" Various types of sources can become stochastic GW sources!

" Cosmological: relic GW from the early evolution of the universe!

" Astrophysical !

" Massive binaries !

" White dwarf binaries !

" Neutron star or black hole binaries
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GW Frequency and Sources

" Very low frequency!

"  Supermassive black hole binaries!

" Low frequency!

" Massive binaries!

" White dwarf binaries!

" High Frequency!

" Stellar mass BH binaries!

" Neutron star binaries



Stochastic Background spectra

http://rhcole.com/apps/GWplotter/
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Signal due to Stochastic Background

¥ Superposition of waves with all possible propagation directions 

" Amplitudes (hA(f,n)) are random variables, characterized statistically by 
their ensemble averages!

¥ Assumptions: 

" Stationary (                              depends only on t-t' )!
¥ Gaussian (It may not hold for astrophysical background) 

¥ Isotropic (May not hold astrophysical background) 

¥ Unpolarized

hij(t,x) =
X

A=+,!

Z "

#"
df

Z
d2n̂h̃A(f, n̂)e

A
ij(n̂)e

# 2⇡if(t# n̂·x/c)

< hA(t)hA0(t0) >
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Ensemble averages

¥ Ensemble average is an average over many copies of signal 

¥ However, there is only one universe! 

¥ Therefore ensemble average is replaced by a temporal average. For 
example,

⌦
hijh

ij
↵
=

X

A=+,⇥

Z 1

�1

Z 1

�1
dfdf 0

Z Z
d2n̂

4⇡

d2n̂0

4⇡

D
ĥ⇤
A(f, n̂)ĥA0(f 0, n̂0)

E
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Characterization of 
Stochastic Background

¥ Stochastic background is uniquely characterized by a single function, 
called spectral density of 

" Sh is single sided (i.e., Sh(f) = Sh(-f)) with dimension of Hz-1. 

" The ensemble average (i.e., temporal average) of the stochastic 
background therefore becomes

D
ĥ⇤
A(f, n̂)ĥA0(f, n̂0)

E
= �(f � f 0)

�2(n̂, n̂0)

4⇡
�A,A0

1

2
Sh(f)

⌦
hijh

ij
↵
= 4

Z 1

0
dfSh(f)



April 22-26, 2019 JejuCosKASI Conference 2019

Energy Density Carried by 
GW

¥ Energy-momentum tensor of GW 

" Energy density carried by the stochastic background 

" In terms of density parameter,

⇢gw =
c2

32⇡G

D
ḣij ḣ

ij
E

⌦gw =
⇢gw

⇢c
, ⇢c =

3c2H2
0

8⇡G

tµ⌫ =
c4

32⇡G

⌦
@µh↵�@⌫h

↵�
↵
) t00 =

c2

32⇡G

D
ḣij ḣ

ij
E
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Spectral Density of Energy

¥ Define energy density in logarithmic frequency interval, 

¥ Insert the plane wave ensemble expression into the energy density 

¥ Comparing with the definition of integrated GW energy density

⌦gw(f) ⌘
1

⇢c

d⇢gw
d log f

, ⌦gw =

Z f=1

f=0
d(log f)⌦gw(f)

⇢gw =
c2

8⇡G

Z f=1

f=0
d(log f)f(2⇡f)2Sh(f)

d⇢gw

d log f
=

⇡c
2

2G
f
3
Sh(f),! ⌦gw(f) =

4⇡2

3H2
0

f
3
Sh(f)
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Single Detectors

¥Isotropic stochastic background is seen in a detector as an 
additional source of noise. Identification of stochastic 
background is difficult. 

¥One must set high threshold S/N (>5) 

¥Anisotropic sources: sidereal time modulation due to the 
motion of the detectors 

¥Specific frequency dependency of the sources: 
comparison between the theoretical model and the 
detected noise spectrum.



April 22-26, 2019 JejuCosKASI Conference 2019

GW energy density from 
astrophysical sources

¥Consider a BBH of class k with parameters 𝛳k merge at a rate 
Rm(z; 𝛳k) per unit co-moving volume, then !GW  can be 
obtained by 

¥E(! M,! " ,z) captures the dependence of co-moving volume on 
z. 

¥Rm(z; 𝛳k) is not well known, but we can use the constraints 
based on the GW observations from O1 and O2.

⌦GW (f ; ✓k) =
f

⇢cH0

Z 1

0
dz

Rm(z; ✓k)
dEGW

df (fs; ✓k)

(1 + z)E(⌦M ,⌦⇤, z)
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Ensemble average of h2

¥ If there is no signal,  

¥ Detector sees the signal h(t) = h+ F+ + h# F#. By taking ensemble 
average, and averaging over n and over polarization angle 𝜓 

where F+ and F× are antenna patterns and angular averages of F+2 and 
F×2 are equal. 

¥ Since 

⌦
s2(t)

↵
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⌦
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⇥
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Minimum detectable background 
signal

¥In the presence of signal, s(t)=n(t)+h(t) 

¥where F (<1) is the beam efficiency factor 

¥Signal-to-noise ratio in each frequency bin is defined as 

¥Then minimum detectable spectral density becomes 

¥Corresponding minimum detectable value of !gw

!
s2(t)

"
=

!
n2(t)

"
+

!
h2(t)

"
=

# !

0
df [Sn (f ) + F Sh (f )]

!
S
N

" 2

= F
Sh (f i )
Sn (f i )

[Sh (f )]min = Sn (f )
(S/N )2

F
.

[! gw (f )]min =
4! 2

3H 2
0

f 3Sn (f )
(S/N )2

F
.
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Two Detectors
¥ Output of the first and the second detectors: 

¥ Form a signal S by 

¥ Then 

¥ Since h1 = h2 while n1 and n2 are not correlated,

s1(t) = h1(t) + n1(t); s2(t) = h2(t) + n2(t)
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Low-frequency GW 
detector based on gravity 

gradiometer
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Gravity Gradient versus 
Gravitational Waves

" Geodesic deviation equation: 

" In weak field limit, spatial components of 
Riemann tensor is simply tidal force field  

" i.e., strain amplitude can be obtained by

d2xi

dt2 = ! Ri
0j 0xj

Ri 0j 0 !
! 2"

! xi ! xj

Ri 0j 0 = !
1
2

! 2hij

! t2
"

1
2

" 2hij
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Tunable Free Mass GW Detector 
(Wagoner et al. 1979)

¥The relative motion of two masses induces driving emf 
of resonant L-C circuit 

¥The relative momentum is determined by the current in 
the circuits 

¥Can be tuned over a wide frequency range
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Superconducting tensor GW  
Detector (Paik et al. 2016, CQG, 33, 075003)

¥ Superconducting Omni-directional 
Gravitational Radiation Observatory 
(SOGRO) 

¥ By detecting all six components of 
Riemann tensor, the source direction and 
the polarization can be determined

hii(t) =
1

L
[x+ii(t)� x�ii(t)]

hij(t) =
1

L
{[x+ij(t)� x�ij(t)]� [x�ji(t)� x+ji(t)]}
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Various noise contributions and sensitivity

▪ At present, the greatest challenge appears to be platform design and 
construction.



SYNPA2017 November 17, 2017

Benefit of SOGRO

Maximum distances to detect IMBH- 
IMBH binary merger (SOGRO 2)

▪ SOGRO would fill in the missing signal band between eLISA and aLIGO/
Virgo/KAGRA, 0.1 Ð 10 Hz. 

▪ SOGRO is a tensor detector with all-sky coverage and with the ability to 
locate the source and determine wave polarization. 

▪ SOGRO, a full-tensor detector, has an advantage in rejecting NN. 

▪ Technical details have to be further studied.

������
Paik et al. 2016, 30m and 100m baseline



SOGRO's Sensitivity on GW 
background

¥ Note that there is 
no gain in S/N by 
integrating longer 
period with a 
single detector 

¥ Here LIGO and 
Virgo sensitivity 
assumes 1 year 
integration with 
two identical 
detectors.
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Summary
" Gravitational wave background radiation could be contributed 

by various sources!

" The detection of gravitational wave background provides 
additional information that cannot be obtained by individual 
sources!

" The spectral information of the background is also important 
to understand the population of the sources!

" The stochastic background due to merging of neutron star 
and black hole binaries at high redshift is likely to be detected 
in a few years 


