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Latest chart of GW theory and experiments

10_5 I -
% = ; =
= i EMBoANs T L. R Bl L RRRRRPSRRIPOIER, A U, =
S 1970 . SRR o _
5, 107 o s ) % 2 E
© - 4 SER | LIGO Q2% =
IS = =: f 1st-order EW % & =
= 10—9: :Iphase transition (s Thermal =
% = PIXIE Plasma =
c - Preheating =
= = Voyage 2050 osmic Strings [N =
2 101 : -
0 E X - =
c = & 3
() = X =
e = A =
S 10713 g; .
C =
w ~~. —
G =
© =
s 1071° 2
.; E
U —
(g}
L

10_17 18 13 2 12

10~ 10~ 10 107 10

P. Simakachorn PhD thesis Frequency of GW [Hz]



Pulsar timing array A 4languages v
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From Wikipedia, the free encyclopedia .

A pulsar timing array (PTA) is a set of galactic pulsars that is monitored and analyzed to search for correlated signatures in the pulse
arrival times on Earth. As such, they are galactic-sized detectors. Although there are many applications for pulsar timing arrays, the

best known is the use of an array of millisecond pulsars to detect and analyse long-wavelength (i.e., low-frequency) gravitational wave I .

background. Such a detection would entail a detailed measurement of a gravitational wave (GW) signature, like the GW-induced pal

quadrupolar correlationl'! between arrival times of pulses emitted by different millisecond pulsar pairings that depends only on the
pairings' angular separations in the sky. Larger arrays may be better for GW detection because the quadrupolar spatial correlations
induced by GWs can be better sampled by many more pulsar pairings. With such a GW detection, millisecond pulsar timing arrays
would open a new low-frequency window in gravitational-wave astronomy to peer into potential ancient astrophysical sources and

early Universe processes, inaccessible by any other means.[?I]
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SPrlng -8 vs KEKB circular accelerators

) ¢ SPring-8 acceleratorToday’ s talk
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

Y 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




RF frequency and circumference of Spring-8
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RF infrastructure of KEKB presented in LINAC2024
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- KEK will give us data (not ready today)
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SPring-8 data over 25 years
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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. Ilvanov and A. P. Kobushkin
* Slower (~ 5-10 years) oscillation seems also visible 2 nHz physics




Annualmodulatlon temperature varla on
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Heuristic fitting of the initial RF shift
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Hypothesis: Shrinkage of drying concrete?
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- 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,
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Time domain data with T and P over 25 years
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Power spectrum with Fourier transform is of great interest

But the data was not recorded periodically = FFT is not applicable
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* Frequency domain analysis
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Understanding the Lomb-Scargle Periodogram
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LINEAR object 11375941 Lomb-Scargle Periodogram
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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



Lomb Scargle Power
The Lomb-Scargle Model

The Lomb-Scargle periodogram fits a sinusoidal model to the data at each frequency, with a larger
power reflecting a better fit. With this in mind, it is often helpful to plot the best-fit sinusoid over the
phased data.
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Lomb Scargle periodogram is one of the possible generalization of FFT



r \
LombScargle @astropy

class astropy.timeseries.LombScargle(t, y, dy=None, fit_mean=True,

center_data=True, nterms=1, normalization='standard') [source]

Bases: BasePeriodogram

(11]: from astropy.timeseries import LombScargle
frequency, power = LombScargle(time_raw, delta_raw, normalization='psd').autopower()

* Extremely simple to perform the analysis...10 minutes to prepare working
environment in Jupyter notebook if you wish
* |nstallation through conda or pip
« Default normalization: Lomb-Scargle power y*
 Usefulto compare different data (RF, temperature, pressure)
* Normalization = ‘psd’ for the Power Spectral Density
 Usefulto see noise level



Frequency domain spectrum: y-axis in y*
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Uneven Fourier analysis: uneven Dirac comb

Uniform data acquisition (Dirac comb) Nonuniform data acquisition
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The Fourier spectrum is a convolution of the signal and the measuring
(sampling) window = fake peaks even within Nyquist range



Fake peaks from uneven samplmg (+aliasing)

* Alot 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
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Too early to be excited ©

0.200
—— FRF
0.175 - — window
= pressure
They Were nOt _— temperature
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0125 sampling bias or T/P But ¥%~0.05 — 0.1
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- We need to understand noise level
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Power Spectral Density (PSD) =L ST
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PSD is a noise level in classical wave data

Eg) RF noise in
spectrum analyzer
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Background of typical axion dark matter experiments




Cmglee, CC BY-SA 3.0
<https://creativecommons.org/license
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Free Python code in Jupyter notebook & LIGO data

import numpy as np

from matplotlib import pyplot as plt # Plot the data

from scipy import fftpack fig = plt.figure(figsize=(5, 5))

from matplotlib import mlab fig.subplots_adjust(bottom=0.1, top=0.9, hspace=0.3)
from astroML.datasets import fetch_LIGO_large

# top panel: time series
from astroML.plotting import setup_text_plots ax = fig.add_subplot(311)

setup_text_plots(fontsize=8, usetex=True) ax.plot(tplot, dplot, '-k')
B ’ ’

# Fetch the LIGO hanford data Rl e )
data, dt = fetch_LIGO_large() BXuset ytaDe b SINEIS )

ax.set_ylim(-1.2E-18, 1.2E-18)

# subset of the data to plot
plt.show()

t0 = 646
ULz 1018

tplot = dt * np.arange(T * 4096) T T T T T T T
dplot = data[4096 * t0: 4096 * (t0 + T)|

tplot = tplot[::10] S0
dplot = dplot[::10]

. l L L L L ') L L
fmin = 40 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
fmax = 2060 tana (s}

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



Comparison: noise PSD of SPring-8 vs LIGO
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Advanced LIGO noise source models

* Mostofthe 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 (?) L /L
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Hammond, Giles & Hild, Stefan & Pitkin, Matthew.
(2014). Advanced technologies for future laser-
interferometric gravitational wave detectors. Journal of

N\ Modern Optics. 61. 10.1080/09500340.2014.920934.
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Noise estimation by Rao et al + momentum compaction

name ______lcause ________________AT[s]

Quantum noise Uncertainty in pos/ mom 1e-20

Slow
Gravity gradient noise Tidal force 1e-16
Seismic noise Mechanical vibration 1e-17 frequency
RF phase noise 7707?77 1e-12 (I"] Hz-m HZ)
Detector noise Timing jitter in longitudinal monitor 5e-11  drift ?
Photon shot noise Single photon detector 1e-17
AL Af _ Ap SPrings8 T
T T T e, 8GeV D1/ yt~4x 1077 % sws i g i KEKHANG
a,~1.46 x 107* £ 5085798, £ 4 E
1 c - 35085796, gt BB
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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 h?

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 modelin storage ring data
 h?vs hdifferences

Goal: (probably very weak but 1) constraint on (0, below mHz by using real accelerator data
* We are also working on mathematics of h, Q. , Sp, in general relativity

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



