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Newtonian Noise
Newtonian noise: comes from local gravity gradient fluctuation

・Seismic waves


‣ body wave


‣ surface wave


‣ etc.


・Atmospheric fluctuation


‣ temperature fluctuation


‣ infrasound waves


‣ etc.


・Moving masses
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・Seismic waves:

๏ body wave

◦P-wave: compressional wave

◦S-wave: shear wave


‣ propagate though media


๏ surface waves

◦Rayleigh wave


‣ propagates on the surface of media


・can be divided by 

surface and bulk contribution

Seismic NN
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http://physics.tutorcircle.com/waves/p-wave.html

https://earthquake.usgs.gov/learn/glossary/images/rayleigh_web.jpg

http://physics.tutorcircle.com/waves/p-wave.html
https://earthquake.usgs.gov/learn/glossary/images/rayleigh_web.jpg


/  1616. 02. 2019 The 1st Kagra-Virgo-3G Detectors Workshop

NN in KAGRA

surface NN and  
bulk NN 
in KAGRA site

based on Somiya+ (2012)


Estimated to be enough 
small
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NN in ET

・Estimated to be 
dominant at f < 10 Hz


・Direct measurement


‣ reduction strategies  
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Sensitivity Studies for Third-Generation Gravitational Wave Observatories 9

10
0

10
1

10
2

10
−25

10
−24

10
−23

10
−22

10
−21

Frequency [Hz]

S
tr

a
in

 [
1
/√

H
z]

 

 
Quantum noise
Seismic noise
Gravity Gradients
Suspension thermal noise
Total mirror thermal noise
Excess Gas
ET−LF: Total noise

10
1

10
2

10
3

10
4

10
−25

10
−24

10
−23

10
−22

10
−21

Frequency [Hz]
S

tr
a
in

 [
1
/√

H
z]

 

 
Quantum noise
Seismic noise
Gravity Gradients
Suspension thermal noise
Total mirror thermal noise
Excess Gas
ET−HF: Total noise

Figure 5. Noise budgets for the ET-D low and high-frequency interferometers,
using the parameters given in Table 1.

test masses and smaller laser beams would be advantageous for many aspects of the
observatory design, such as for instance the total mass of the cryogenic payload or
the mode matching into the arm cavities. However, on the other hand reducing the
mirror mass will increase the radiation pressure noise contribution.

The right hand plot of Figure 4 shows a trade-o↵ analysis of beam size and mirror
mass. Starting from a mirror of 62 cm diameter and 30 cm thickness which corresponds
to a beam radius of 12 cm, we reduce the mirror diameter to 52 cm and 45 cm, while
keeping the aspect ratio of the mirror substrate constant. Using this assumption,
already a small reduction in the beam size will increase the radiation pressure noise
dramatically and subsequently spoil the sensitivity in the sub-10Hz band. Therefore,
we assume for the low frequency interferometer of ET-D a reduced beam radius of
9 cm, corresponding to an e↵ective test mass diameter of 45 cm, but at the same time
keep the overall test mass weight at about 200 kg.

5. Overall sensitivity of the Einstein Telescope

Table 1 shows the most important parameters of the ET-D interferometers. The
corresponding noise budgets for the high and low-frequency interferometers are shown
in figure 5. The sensitivity of the low-frequency detector is limited by seismic noise
below 1.7Hz, while gravity gradient noise directly limits in the frequency band between
1.7 and 6Hz. For all frequencies above 6Hz (apart from the violin mode resonances)
quantum noise is the limiting noise source.

The crossover frequency of the sensitivities of the low and high-frequency
interferometers is at about 35Hz. Above this frequency the high frequency
interferometer is limited only by 2 noise sources: Mirror thermal noise limits the
sensitivity between 40 and 200Hz, while the high-frequency section is limited by
quantum noise.

Figure 6 shows the evolution of the sensitivity models for the Einstein Telescope
over the past years. The very first strawman design was based on a single cryogenic
interferometer covering the full frequency range of interest (ET-B) [11]. The
introduction of the xylophone design resulted in the ET-C sensitivity. In this article

S. Hild+ (2011)
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Torsion Bar Antenna (TOBA)
TOBA : TOrsion-Bar Antenna 

・Gravity gradiometer using two suspended torsion pendulums

・Resonant frequency ~ mHz

・Target sensitivity h ~ 10-19 / √Hz @ 0.1 Hz with 10 m bars
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potential sensitivity and scientific possibility in modern
technologies.

Principle of a torsion-bar antenna.—A TOBA is com-
prised of two bar-shaped test masses, arranged parallel to
the x-y plane and orthogonal to each other (Fig. 1). Each
bar is supported at its center, so as to rotate around the
z axis. When GWs pass through this antenna, tidal forces
by the GWs will appear as differential angular changes in
these bars. These changes are extracted as a GW signal by
using a sensitive sensor, such as a laser interferometer.

The rotation angle ! of a test-mass bar from the original
position is obtained by the equation of motion

I €!þ " _!þ #! ¼ FGWðtÞ; (1)

where FGW is the torque caused by the GWand " and # are
the damping factor and spring constant of the restoring
torque by the support, respectively. The moment of inertia
of the test mass is expressed as I ¼ R

$ðx2 þ y2ÞdV, where
$ and V are the density and volume of the test mass,
respectively. Assuming that the antenna is much smaller
than the wavelength of target GWs, the torque caused by a
GW with an amplitude of hij is expressed as

FGWðtÞ ¼ 1
4q

ij €hijðtÞ; (2)

by using dynamic quadrupole moment qij [16]. For bar
rotation, q11 ¼ %q22 ¼ %R

$ð2xyÞdV and q12 ¼ q21 ¼R
$ðx2 % y2ÞdV.
Here, we consider the response of a test-mass bar ar-

ranged along the x direction to GWs traveling along the z
axis, h11 ¼ %h22 ¼ hþ and h12 ¼ %h21 ¼ h&, where hþ
and h& denote the amplitudes of two independent polar-
izations (plus and cross modes, respectively) of incident
GWs. In an approximation that the test-mass bar freely
rotate around the z axis (" ' 1 and # ' 1), Eq. (1) results
in a simple equation, !1 ¼ %h&=2, where % is a shape
factor of the test mass; % ¼ q12=I ’ 1 in the case of a thin
bar. Another test-mass bar, arranged along the y axis,
rotates with an opposite sign as !2 ¼ %%h&=2. The re-
sultant output of the antenna is expressed as

!diffðtÞ ( !1 % !2 ¼ %h&ðtÞ: (3)

GWs with a cross polarization are observed as differential
angular fluctuations of the test-mass bars [17].

Now, we consider the situation that the antenna is rotat-
ing around the z axis with an angular velocity of!rot. In an

approximation that rotation is sufficiently slow, the re-
sponse of the antenna is expressed as

€! diff ¼ %½ €h& cosð2!rottÞ þ €hþ sinð2!rottÞ*; (4)

by calculating the torque, Eq. (2), in a coordinate rotating
with the antenna. This indicates that the GW signal is
modulated by the rotation; a GW signal with an angular
frequency of !g is up- and down-converted to appear at
!g + 2!rot frequencies. Equation (4) results in

!diff ’ %
!
!g

2!rot

"
2
½h& cosð2!rottÞ þ hþ sinð2!rottÞ*; (5)

in the case of !g ' !rot. The low-frequency GW signal is
up-converted to signals at an angular frequency of 2!rot.
Equation (5) also shows that two polarization components
of incident GWs are extracted from two quadrature phases
of the antenna output.
Advantages of torsion-bar antenna.—A TOBA has sig-

nificant features in both ground-based and space-borne
designs. As a ground-based antenna, a TOBA is a novel
approach to observe low-frequency GWs. In a usual
ground-based interferometric antenna, a test-mass mirror
is suspended as a pendulum to behave as a free mass in the
horizontal plane. Conversely, it has almost no fundamental
sensitivity to GWs below the resonant frequency of the
pendulum (around 1 Hz). In a TOBA, a test-mass bar is
supported as a torsion pendulum, with a low resonant
frequency on the order of a few millihertz in the rotational
degree of freedom. Thus, a TOBA has a fundamental
sensitivity to low-frequency GWs.
The modulation and up-conversion scheme by antenna

rotation is favorable for the observation of low-frequency
GWs below a few millihertz. Here, we note that the ob-
servation run may be an intermittent one; the observation
can be a series of data-taking operations with rotation and
reverse rotation. The up-conversion of the GW signal is
also advantageous from a practical perspective. Modu-
lation prevents various types of low-frequency noises that
are difficult to suppress, such as drifts of instruments
caused by daily or seasonal changes in the environment
and 1=f noises of electronics in sensors and controllers.
As a space antenna, a TOBA has good compatibility

with spin-stabilized spacecraft. In a spacecraft, spinning
itself is a simple and robust way to maintain its attitude
with a gyro effect, without additional disturbances from
attitude controllers. ATOBA, with its rotation axis aligned
with that of the spacecraft spin, has a wide observation
band from the low-frequency limit determined by the ob-
servation time. Another advantage in a space configuration
is that the antenna is free from gravity-gradient and seismic
noises caused by ground motions.
Sensitivity limits.—The fundamental sensitivity of a

TOBA is limited by the thermal fluctuation of the bars,
readout noise of the angular motion, and effects of the bar
support, as detailed in Refs. [1,18]. We estimate the con-
tributions of these noises in the case where a cylindrical bar
is suspended as a torsion pendulum at its center, and its

FIG. 1 (color online). Principle of a torsion-bar antenna. Two
orthogonal bars feel differential torques by incident gravitational
waves.

PRL 105, 161101 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

15 OCTOBER 2010

161101-2

Design sensitivity of TOBA

Shot noise

Radiation pressure

Suspension thermalBar thermal

Target

M. Ando+ (2010)
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・Response from Rayleigh waves to NN  (arm: x direction) 

L / λ

Seismic NN in different scale

8

Terrestrial Gravity Fluctuations 49

noise in the other two directions independent of the value of L. Introducing �
R

⌘ 2⇡/k
%

, the
response functions, i.e., the square roots of the components of the vector in Eq. (98), divided by
L/�

R

are shown in Figure 13.
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Figure 13: Strain response to Rayleigh gravity perturbations. The solid curve shows the horizontal
response for gravity perturbations along the line of separation, the dotted curve the horizontal response
for perturbations perpendicular to the line of separation, and the dashed curve for perturbations in vertical
direction.

Gravity perturbations at the two locations x = {0, L}, y = z = 0 are uncorrelated for suf-
ficiently large distances, and therefore the strain response decreases with increasing L. In other
words, increasing the length of large-scale GW detectors would decrease Newtonian noise. Rayleigh
Newtonian noise is independent of L for short separations. This corresponds to the regime relevant
to low-frequency GW detectors [88]. Eq. (98) is the simplest possible seismic surface Newtonian-
noise estimate. Spatial correlation of the isotropic seismic field is fully determined by the fact
that all seismic waves are assumed to be Rayleigh waves. Practically one just needs to measure
the spectral density of vertical surface displacement, and also an estimate of the Poisson’s ratio
needs to be available (assuming a value of ⌫ = 0.27 should be a good approximation in general
[179]). In GW detectors, the relevant noise component is along the x-axis. Taking the square-root
of the expression in Eq. (98), and using a measured spectrum of vertical seismic motion, we ob-
tain the Newtonian-noise estimate shown in Figure 14. Virgo’s arm length is L = 3000 m, and
the test masses are suspended at a height of about h = 1 m (although, it should be mentioned
that the ground is partially hollow directly under the Virgo test masses). In order to take equal
uncorrelated noise contributions from both arms into account, the single-arm strain noise needs
to be multiplied by

p
2. The seismic spectrum falls approximately with 1/f in units of m/s/

p
Hz

within the displayed frequency range, which according to Eq. (98) means that the Newtonian-noise
spectrum falls with 1/f4 (two additional divisions by f from converting di↵erential acceleration
noise into di↵erential displacement noise, and another division by f from converting the seismic
spectrum into a displacement spectrum). Note that the knee frequency of the response curve in
Figure 13 lies well below the frequency range of the spectral plots, and therefore does not influence
the frequency dependence of the Newtonian-noise spectrum.

Since seismic noise is non-stationary in general, and therefore can show relatively large vari-
ations in spectra, it is a wise idea to plot the seismic spectra as histograms instead of averaging
over spectra. The plots can then be used to say for example that Newtonian noise stays below
some level 90% of the time (the corresponding level curve being called 90th percentile). In the
shown example, a seismic spectrum was calculated each 128 s for 7 days. Red colors mean that

Living Reviews in Relativity

DOI 10.1007/lrr-2015-3

NN is coherent in detector scale

‣independent in scale

NN is incoherent at distant two point

‣decreasing with scale (∝1/L)
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・Rayleigh wave length: λ ~ 30 m @ 10 Hz (v ~ 300 m/s)

・TOBA: L ~ 10 m                KAGRA, Advanced Virgo: L ~ 3km


ET: L ~ 10 km

Seismic NN in different scale
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noise in the other two directions independent of the value of L. Introducing �
R

⌘ 2⇡/k
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, the
response functions, i.e., the square roots of the components of the vector in Eq. (98), divided by
L/�

R

are shown in Figure 13.
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Figure 13: Strain response to Rayleigh gravity perturbations. The solid curve shows the horizontal
response for gravity perturbations along the line of separation, the dotted curve the horizontal response
for perturbations perpendicular to the line of separation, and the dashed curve for perturbations in vertical
direction.

Gravity perturbations at the two locations x = {0, L}, y = z = 0 are uncorrelated for suf-
ficiently large distances, and therefore the strain response decreases with increasing L. In other
words, increasing the length of large-scale GW detectors would decrease Newtonian noise. Rayleigh
Newtonian noise is independent of L for short separations. This corresponds to the regime relevant
to low-frequency GW detectors [88]. Eq. (98) is the simplest possible seismic surface Newtonian-
noise estimate. Spatial correlation of the isotropic seismic field is fully determined by the fact
that all seismic waves are assumed to be Rayleigh waves. Practically one just needs to measure
the spectral density of vertical surface displacement, and also an estimate of the Poisson’s ratio
needs to be available (assuming a value of ⌫ = 0.27 should be a good approximation in general
[179]). In GW detectors, the relevant noise component is along the x-axis. Taking the square-root
of the expression in Eq. (98), and using a measured spectrum of vertical seismic motion, we ob-
tain the Newtonian-noise estimate shown in Figure 14. Virgo’s arm length is L = 3000 m, and
the test masses are suspended at a height of about h = 1 m (although, it should be mentioned
that the ground is partially hollow directly under the Virgo test masses). In order to take equal
uncorrelated noise contributions from both arms into account, the single-arm strain noise needs
to be multiplied by

p
2. The seismic spectrum falls approximately with 1/f in units of m/s/

p
Hz

within the displayed frequency range, which according to Eq. (98) means that the Newtonian-noise
spectrum falls with 1/f4 (two additional divisions by f from converting di↵erential acceleration
noise into di↵erential displacement noise, and another division by f from converting the seismic
spectrum into a displacement spectrum). Note that the knee frequency of the response curve in
Figure 13 lies well below the frequency range of the spectral plots, and therefore does not influence
the frequency dependence of the Newtonian-noise spectrum.

Since seismic noise is non-stationary in general, and therefore can show relatively large vari-
ations in spectra, it is a wise idea to plot the seismic spectra as histograms instead of averaging
over spectra. The plots can then be used to say for example that Newtonian noise stays below
some level 90% of the time (the corresponding level curve being called 90th percentile). In the
shown example, a seismic spectrum was calculated each 128 s for 7 days. Red colors mean that

Living Reviews in Relativity

DOI 10.1007/lrr-2015-3
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NN measurement by TOBA
・Direct measurement of NN (S/N ~ 103 at f < 0.1 Hz)


‣ test of  NN models


‣ demonstration of NN mitigation
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bulk NN

surface NN

TOBA sensitivity
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NN constraint in KAGRA
・Set upper limit 10-21 @ 10 Hz

・Can be used as physical environmental monitor
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KAGRA sensitivity
bulk NN

surface NN

upper limit of

bulk NN


 &

surface NN
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TOBA development plan 
・Final plan: 10-19 / √Hz @ 0.1 Hz


‣ 10 m masses 


‣measurement of NN with high S/N


‣ detection of GW at low frequency (f ~ 0.1 Hz)


・Prototype: 10-15 / √Hz @ 0.1 Hz


‣ 35 cm masses


‣ technical demonstration 

 (cryogenic, active vibration isolation, …)


‣may be able to measure NN
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bulk NN
surface NN

TOBA (10 m)

TOBA (35 cm)

ongoing
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Schematic of 35 cm Prototype
・Active vibration isolation


‣ isolation ratio ~ 102 

@ 0.1 - 1 Hz


‣reducing vibration caused 

by the cooler via heatlinks


・Cryogenic


‣ cooled down to 4 K


‣ Silicon wire with High Q 

(Q ~ 108)
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1st Shield 
(50 K)

2nd Shield 
(4 K)

Test 
masses
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Cryogenic
・Test masses are cooled to 4 K in 4 weeks

・Shields are installed

・Silicon wire is under considering 

・Cooling test will be done (using CuBe wires)
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1st Shield 
(50 K)

2nd Shield 
(4 K)

1st shield

2nd shield

test mass
intermediate mass

4 K in 4 weeks
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Active Vibration Isolation
・Seismometers + Hexapod actuator (PZTs)

・Isolation ratio ~ 102 @ 0.1 - 1 Hz

・Currently achieved 10 @ 1 Hz

15

Seismometers

Hexapod

Seismic motion

(Free)

Seismic motion

 (Controlled)

Requirement
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Summary
・TOBA can measure NN with high S/N


‣ S/N ~ 103 in f < 0.1 Hz


‣ put upper limit 10-21 @ 10 Hz on NN of KAGRA


・Currently a small prototype is developing


‣ 35 cm scale


‣May be able to measure NN


・Future works


‣ How to identify NN from measurement


‣ How to cancel NN
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