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Main idea

M. Takao and T. Shimada, http://accelconf.web.cern.ch/accelconf/e00/PAPERS/MOP5A04.pdf
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1st 4-years data of SPring-8
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→ Laser interferometer

GW perturbation of the metric at the SR ℎ0~7 × 10−4

Relic GW perturbation in FLWR metric ℎ0
𝐺𝑊~5 ×

10−16

Relic GW frequency 𝜔~10−7 Hz
Relic GW density parameter 𝛀 𝟓 × 𝟏𝟎−𝟏𝟏 !!!???
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(2020) and arXiv:2301.08331 where

Δ𝑇𝐺𝑊 𝑇 = −
1

2
1 −

𝑣𝑖
2

2𝑐2
න
𝑡0

𝑡0+𝑇

𝐹+𝒉+ + 𝐹×𝒉× 𝑑𝑡



Latest chart of GW theory and experiments

P. Simakachorn PhD thesis



We need correlation among multiple 
sources / detectors to reveal 
stochastic GW background 

NANOGrav
15 years data
10-8 Hz signal



SPring-8 vs KEKB circular accelerators

KEKB accelerator
36°9′ 17″ N; 140°4′ 19″ E
Circumference 3016 m
8 GeV e– / 3.4 GeV e+
RF frequency: 508.887 MHz
Harmonic number: 5120
Momentum compaction: 3.4e-4
Operation: 1998- data prepared

SPring-8 accelerator
34°56′ 41″ N; 134°25′ 38″ E
Circumference 1435 m
8 GeV e–
RF frequency: 506.756 MHz
Harmonic number: 2436
Momentum compaction: 1.46e-4
Operation: 1997- 25-years data

Today’ s talk



RF frequency and circumference of Spring-8
𝑅0~229 m
𝐶0~1435 m

Radius 𝑅0

Circumference 𝐶0

• 1 turn: 𝑇0
• Speed of electrons 𝑣
• Beam energy 8 GeV
• 𝑣~𝑐
• Harmonic number 𝑛 = 2436
• RF frequency 𝑓𝑅𝐹 = 506.756MHz

ABCD: RF stations

H. Ego et al, MOPMW009 IPAC2016
𝑪𝟎~𝑇0𝑣 =

𝑐

Τ𝒇𝑹𝑭 𝑛

𝐶0 = 1435.4512 m for the 
official specification

→We have real data



RF infrastructure of KEKB presented in LINAC2024

T. Miura et al LINAC2024, 10.18429/JACoW-LINAC2024-TUPB037 

Feedback 
master 
clock for 
circumfere
nce shift

→ KEK will give us data (not ready today)
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SPring-8 data over 25 years

Three observations from the time domain data
• Annual modulation (0.32 ppm)

• Thermal shrinkage / expansion due to temperature modulation?
• Seasonal force from the gravitational force between the Sun and the Earth?

• Significant shift of RF in the first 2 years cannot be explained by temperature
→ Inspired A. N. Ivanov and A. P. Kobushkin

• Slower (~ 5-10 years) oscillation seems also visible → nHz physics

0.1 ppm resolution



Annual modulation: temperature variation

delay
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Gravitational origin?

No! → correlation to temperature

• The data is in-phase to the temperature 
underground delayed from the atmospheric 
temperature

• Earth-Sun orientation → atmospheric T



The ring shrunk by 
around 1.2 mm (0.86 
ppm) with a time 
constant of 1.88 years

p0*sin((x-p1)/p2) + p5*exp(-x/p3) + p4
p2 was fixed at 2px1 yr

Heuristic fitting of the initial RF shift

Fitting function

Very good resolution 
0.1 ppm to monitor 
strain

(no fundamental reason to select this function)



Hypothesis: Shrinkage of drying concrete?
Spring-8

→ Compare to a dedicated study of concrete 
(Japanese paper)

K. Sataka and K. Osamu, A study of the water 
diffusion and shrinkage in concrete by drying, 
土木学会論文報告集第316号 1981年 12月

Constant temperature (20C) and humidity (60%) room

X: depth from surface

• Shrinkage 10−4/ 100 
days if the depth is >20 
cm

• Difficult to 
quantitatively prove

0.86 ppm



Time domain data with T and P over 25 years

RF

pressuretemperature

Power spectrum with Fourier transform is of great interest
But the data was not recorded periodically → FFT is not applicable
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• Commonly used algorithm in astronomy
• Modified from classical Fourier transform of unevenly spaced data 
• The y-axis is not the classical spectral power density but chi2 of fitting time domain data 

by a sum of sinusoidal functions → Power Spectral Density can also be plotted

Thanks to 
Yuto Minami



Lomb Scargle Power

Equally spacing 
data set 𝑦𝑛

Lomb Scargle periodogram is one of the possible generalization of FFT



• Extremely simple to perform the analysis…10 minutes to prepare working 
environment in Jupyter notebook if you wish
• Installation through conda or pip

• Default normalization: Lomb-Scargle power 𝜒2

• Useful to compare different data (RF, temperature, pressure)
• Normalization = ‘psd’ for the Power Spectral Density

• Useful to see noise level



Frequency domain spectrum: y-axis in 𝜒2

🤔
🤔



Uneven Fourier analysis: uneven Dirac comb

Uniform data acquisition  (Dirac comb) Nonuniform data acquisition

The Fourier spectrum is a convolution of the signal and the measuring 
(sampling) window → fake peaks even within Nyquist range



Fake peaks from uneven sampling (+aliasing)
X-axis → days

Daily 
modulation Fake peak 

from sampling

aliasing

Annual 
modulation

Fake peak

• A lot of peaks were identified as unphysical
• Sampling bias (tunnel access, shutdown, 

maintenance, etc) makes fake peaks in 
frequency domain

• Some peaks are physical and correlated to 
pressure and/or temperature

Sampling bias
“window” of 
Lomb-ScargleX-axis →Hz



Too early to be excited ☺

They were not 
explained by either 
sampling bias or T/P

→We need to understand noise level

But 𝜒2~0.05 − 0.1
signal…what does 
it mean physically?
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Power Spectral Density (PSD)
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≡ 𝑆𝑛 𝑓 : (noise) power spectral density
 supported by astropy’s LombScargle



PSD is a noise level in classical wave data

AM et al, ANNALEN DER PHYSIK 2023, 536, 2200619

Eg) RF noise in 
spectrum analyzer

Background of typical axion dark matter experiments



Compare PSD to LIGO
LIGO schematic from wiki

Cmglee, CC BY-SA 3.0 
<https://creativecommons.org/license
s/by-sa/3.0>, via Wikimedia 
Commons



Free Python code in Jupyter notebook & LIGO data

https://www.astroml.org/book_figures_1ed/chapter10/fig_LIGO_power_spectrum.html



Comparison: noise PSD of SPring-8 vs LIGO

No window

Hanning window

SPring-8

Noise may not be 
simply interpolated LIGO

signal ∝ ℎ2 in our model signal ∝ ℎ

Preliminary



Advanced LIGO noise source  models

• Most of the noise 
sources are specific 
to the LIGO setup (eg
laser system)

• Noise model of 
Storage Ring is of 
great importance

• Another aspect: 
normalization of y-axis 
before FFT…relative 
length (?) Τ𝛿𝐿 𝐿

Hammond, Giles & Hild, Stefan & Pitkin, Matthew. 
(2014). Advanced technologies for future laser-
interferometric gravitational wave detectors. Journal of 
Modern Optics. 61. 10.1080/09500340.2014.920934. 



Noise estimation by Rao et al + momentum compaction
name cause DT [s]
Quantum noise Uncertainty in pos / mom 1e-20
Gravity gradient noise Tidal force 1e-16
Seismic noise Mechanical vibration 1e-17
RF phase noise ???? 1e-12
Detector noise Timing jitter in longitudinal monitor 5e-11
Photon shot noise Single photon detector 1e-17

−
𝛥𝐿

𝐿
~
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𝑓
= 𝜂𝑐

𝛥𝑝

𝑝

𝜂𝑐 =
1

𝛾2
− 𝛼𝑐

SPring-8
8 GeV → Τ1 𝛾2 ~4 × 10−9

𝛼𝑐~1.46 × 10−4

ΤΔ𝑝 𝑝~1.08 × 10−3

→ ΤΔ𝐿 𝐿~10−7 = 0.1 ppm

Slow 
frequency 
(nHz-mHz) 
drift ?

Consistent with data 0.1 ppm resolution
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Conclusion
• We succeeded the work by A. N. Ivanov and A. P. Kobushkin

• GW could vary circumference of storage rings with ℎ2

• RF data of storage ring records variation of circumference over years
• SPring-8 data (and soon KEKB data) to see 25 years → access to nHz

• Time domain analysis
• Annual modulation was explained by thermal shrinkage
• Initial shift may be due to drying concrete
• There remain other frequency components

• Frequency domain analysis: simple FFT does not work
• Lomb-Scargle to process unevenly taken data set
• Sampling bias generates fake peaks
• There remain some peak not explained by sampling bias or environmental data

• Noise PSD analysis compared with LIGO data (preliminary!)
• No clear noise model in storage ring data
• ℎ2 vs ℎ differences

• Goal: (probably very weak but 1st) constraint on Ω𝐺𝑊 below mHz by using real accelerator data
• We are also working on mathematics of ℎ, Ω𝐺𝑊 , 𝑆ℎ in general relativity

• This is a result from a “1st generation GW detector” (like storage ring for synchrotron radiation)
• How to improve it toward a storage ring dedicated to GW detection?


