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Background

® The gravitational wave telescope KAGRA is built
300m underground to reduce ground vibrations.

® Groundwater is flowing through pipes near the
KAGRA mirror, therefore Newtonian noise
generated by Groundwater can be an issue.
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A view of KAGRA from above.

The pipe and the test mass are close at Y-end.
The distance between the mirror and the pipe is
1-2m in the z(vertical) direction,

5m in the Horizontal direction
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A view of Y-end from front.



Formulation of water Newtonian noise

Fluctuation of water surface generate
fluctuation of local gravitation.

b( t )
a—// 2(“,0 T, v, )co; dady
(x — xrMm)* + ?J yrm)® + (2 — 2rm)

t _
_Gp // b(z,y,t) - (x — zppr) - dady
(x —zpp)? + (¥ —yrm)? + (2 — 200m)?)

The fluctuation of the water surface (b(x, t))
get from simulation data.




——KAGRA target sensitivity
——Model 1, =—Model 2 (v=2m, dv=0.2m)
e = Model 2 (v=1m,5m, dv=0.2m)

— Model 2 (v=2m, dv=0.5m,1.0m)
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Modell : The water surface
Is fluctuating at each point

Model2 : Waves formed on
the surface of the water
move In keeping shape

This result is a prediction assuming a certain water

surface motion model. There is no guarantee that
water surface motion will be a reality.



Realistic simulation for water Newtonian

NN calculation

at) = ff Gpz(x,y,t) cosH
D? + x2 + y?

- h(®) =Zﬂ al)d’t l \ water level z(x,y,t) [m] data

FLOW-3D

water current J(t) [m3/s]

Water |UId onltor / Theory don t suppose exact‘\ Geometry
KAGRA Geometry

wave shape, so we have to
know wave detail(purpose).
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Explanation of technical terms

Super critical flow |
AP |

Sub critical flow
—_—— =9

Flow and Wave concept

g
@ ——

The flow has a velocity(v) in
the medium itself

Waves is transmitted through
the medium with a velocity (v,)

Super critical flow: v.>v,,
Sub critical flow: vi <V,
Hydraulic Jump: boundary

Depth: Super<Sub critical flow




Hydraulic jump

® Hydraulic jump is white wave point.

® Hydraulic jump is the sudden rise in water level
that occurs when Super critical flow becomes Sub
critical flow.

Super critical flow o
Sub critical flow

Hydraulic jump



Water simulation

® Pipe condition
Timezm!iom We designed and simulated a

straight pipe as shown on the left.

Pipe Length: 20m
Radius: 0.2m
Roughness height: 0.1 ~3.2mm

Z y Gradient: 0.3%
\ g;gggggggg Boundary condition:36.2~ 181 t/h
(=(0.1~05)X0.22X 7T m? X0.8 m/s )

9. 256e+04
FLOW-3D 8.909e+04

Inject water (Boundary condition)

© e,
FLOW-3D We Used flow—3D
Flow Science Japan - Excellence In Flow Modeling (flow3d.co.jp)

Out flow(Boundary condition)



https://www.flow3d.co.jp/

Simulation Conditions

36.2 3.2 1010
72.4 3.2 1010
109 3.2 1010
145 3.2 1010
181 3.2 1010
109 0.1 1010
109 0.4 1010
109 1.2 1010
109 2.0 1010

*Flow rate is the constant amount of water flowing into a pipe.
*Roughness height simply corresponds to the unevenness the pipe surface.
We did a flow rate comparison and a Roughness height comparison.
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State of water

® \Water level(Flow depth)

Water depth increases as it goes

downstream.
This is the result of 36.2 t/h.

The same trend holds for the other

conditions.

Water level Time series

200 210 @20 930 940 @50 %60 970 980 200 1000

Time [seconds] from 1980-01-06 00:00:00 UTC (0.0}

Pipe(x10m,£0.2m) y

Tokyo Tech

Water depth timeseries by 0.5m
interval in the x direction.

+0.2n

(_6:0)

| x =-6.0015001 m, y = -0.0074999998 m
-y =-5.0112524 m, y = -0.0074999998 m
m x =-4.0210056 m, y = -0.0074999998 m
By =_3.0307577 m, y = -0.0074999998 m
m x=-2.0405102 m, y = -0.0074999998 m
m x =-1.0502626 m, y = -0.0074999998 m
=y =-0.060015004 m, y = -0.0074999998 m
= x =0.893023252 m, y = -0.0074999998 m
B x =1.9204801 m, y = -0.0074999998 m
mx =28107277 m, y = -0.0074999938 m

x® =3.9009752 m, y = -0.0074999998 m

x=4891223 m, y = -0.0074999998 m

x = 5.8814707 m, y = -0.0074999998 m

Water flow

-10m

Water level ASD[m/rtHz]

-0.2m
+10m

£=900-1000s
=y =.§0015001 m, y = -0.0074999998 m
Wy = 50112524 m, y = -0.0074999998 m
10 =y = 40210056 m, y = -0.0074999998 m
=y = 30307577 m, y = -0.0074999998 m
=y =_30405102 m, y = -0.0074999998 m
10" =y = 10502626 m, y = -0.0074999998 m
=y = 0060015004 m, y = -0.0074999996 m
=y =0.93023252 m, y = -0.0074999998 m
. =y = 19204801 m, y = -0.0074999398 m
10 oy = 29107277 m, y = -0.0074999398 m
X = 39009752 m, y = -0.0074999398 m
X = 4891223 m, y = -0.0074999938 m
10" x = 5.8814707 m, y = -0.0074999298 m
107 T T
w0 10° 10’
frequency[Hz]

Fluctuations in the high frequency

range are large at several points. .



~ State of water(Flow rate)
® ASD(-6~6m,y=0,1-100Hz)

ASD y =-0.0074999998 m, t=1000-1010s
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x[m]
ASD y = -0.0074999998 m, t=1000-1010s

© 72.4t/h

Sl |
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ASD y = 0.0 m, t=1000-1010s

fiHz]

-6 -4 -2 o 2 4 6

ASD y =-0.0074999998 m, t=1000-1010s

100

ASD y = 0.0 m, t=1000-1010s

x(m]

145t/h

181t/h
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State of water(Roughness height)

flHz]

fHz]

® ASD(-6~6m,y=0,1-100Hz)

ASD y =-0.0074999998 m, t=1000-1010s
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ASD y =-0.0074999998 m, t=1000-1010s » |
100 10 17

ASD y =-0.0074999998 m, t=1000-1010s

x(m]

ASD y = 0.0 m, t=1000-1010s
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Discussion about the state of water

® Below 10 Hz, it is necessary to consider the
fluctuations of the entire water surface when
considering Newtonian noise.

® Above 10 Hz, the influence of fluctuations at
several points is significant.
We consider that Hydraulic jump are occurring at
those points.

® The number of Hydraulic jumps depends on
conditions(flow rate, Roughness height).
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Calculation of Newtonian noise

® [ntegrate gravitation(by water mass)

a0 — f/ Cﬂb x,y,t)cosl) Jodn . Test Mass I .
IR A T e ’ _ Acceleratior
-G // bz, y,t) - (z — zpar) dd ® Center of grawty
= Gp (. — 2pp)2 4 (Y — yrar)?2 + (2 — ZTMF)Z)SXZ Trdy

Microscopic water Microscopic water

Center of gravity : x, y , z(water half level)
*Mass : 0 Xb Xdx Xdy
*Test mass : (X1 Y1 -Zrw)=(0m, 5m, 1.5m)

We wrote a program in python to analyze the data from
the simulation. The noise is calculated by adding up the
universal gravitational forces due to the variation in the
mass of each water. 15



Calculation of Newtonian noise

® Coordinate setting(Mirror mass, Water mass)

Water Surface level

/

Half water level
(Center of gravity coordinate)

Pipe Surface

/4'21] -0.15 -010 005 000 003 010 015 020

Flow depth
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Newtonian noise

Strain[/rtHz]

® Comparison of differences in initial flow rates
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Newtonian Noise(straight pipe)

ka3
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Frequency[Hz]

(0.1Hz—-10Hz: 900s-1000s
10Hz-100Hz: 1000s—-1010s,)

W 35 Zth
T2.4th
= 09%h
= 45th
= i81t'h
B KAGRA design sensitivity
= ET design sensitivity

"Integrate x=—6 m~6 m, y=—0.2 m~0.2 m
area gravitation by water mass.

“Noise is f#to f3in 1 Hz=10 Hz, and f32 in
10Hz—100Hz.

- At lower frequencies , the noise level is
higher.

181 t/h is the least noisy condition up to
100 Hz. However, lower flow rates do not
imply lower noise.
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Newtonian noise

® Comparison of differences in Roughness height

Newtonian Noise(straight pipe)

k=0.1mm

k=0.4mm

k=1.2mm

k=2.0mm

k=3.2mm

KAGRA design sensitivity
ET design sensitivity

Strain[/rtHz]

Frequency[Hz]

(0.1Hz-10Hz: 900s-1000s
10Hz-100Hz: 1000s—-1010s,)

*Integrate x=—6 m~6 m, y=—0.2 m~0.2 m
area gravitation by water mass.

*0.1Tmm and 3.2mm were the noisiest
conditions up to 10 Hz. The noise in the other
conditions is approximately the same
magnitude.

*3.2mm condition was noisier than 0.1mm
condition up to 100 Hz.

" The reason the noise is louder under
condition 0.1mm is thought to be the effect of
the faster flow velocity due to the smoother
surface. However, the reason why the noise is

higher in condition 3.2mm is not yet known.1
8



Summary of Newtonian noise

® In this setup (20 m straight pipe), the gravity gradient noise is
sufficiently smaller than KAGRA's design sensitivity.

® However, the sensitivity of ET may be affected by Newtonian
noise from water in the low frequency range. Therefore,
there may be a need to move the waterway away from the test
mass in ET.

® This condition is simple and calm, so it is possible to be large In
real Y—end condition.

® Conditions of the highest water volume is the smallest noise.

® For Roughness height, the noise was the highest under the
largest condition. However, even in the smallest condition, the
noise is large below 10 Hz, so further analysis is needed.
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Future work

® \We will analyze in detail the causes of the
differences in the intensity of the noise under
different conditions.

® Simulate the real Y-end pipe (ex. curve, gradient,
pipe length). We design pipes with the same
geometry as real pipes to simulate water.

® Finally, compare the simulation result with the
KAGRA data.
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Future work(realistic pipe)

® \We are designing a curved pipe of about 40
meters. This structure is as close as possible to
the actual pipe.

® \\/e believe that the values are close to those of
actual Newtonian noise because they are close to
the actual situation.
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AppendiX
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Real flow rate

400
350 A
300 A
250 A
200 A

150 -

Flow rate [m3/h]

100 A
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Turbulent flow, Laminar flow

_ g Laminar
Laminar is a straight flow

B E | Turbulence makes the flow random
——— N Transitional
W- E Turbulent
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