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Les nouvelle physiques sont où?

Pas de 
nouvelle 
physique

Quantum gravity 1019 GeV
Inflation scale < 2x1016 GeV
Majorana neutrino 109-12 GeV
Axion PQ scale 1010 GeV

(Supersymmetry?)
(Higgs composite?)

Le boson de 
Higgs 103 GeV

nouvelle physique 
chaque facteur 103

à Exceptionnelle (?)

nouvelle physique: 
matière noire après 1020

J. Primack and N. Abrams,“http://www.viewfromthecenter.com” 



Self introduction: accelerator as infrastructure for science
HIE-ISOLDE@CERN
Heavy ion Linac (10MeV/u, rare isotopes)

ESS@Lund
Proton Linac (2 GeV, 5MW) LHC@CERN

proton collider (14 TeV)
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PIPII@FNL
proton driver for neutrino
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Advertisement: recent studies (àafternoon)

AM et al ANNALEN DER 
PHYSIK 2023, 2200619
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Introduction



Laser GW interferometer



Surface area increase à Bekenstein entropy?

Exciting opportunities in Blackhole physics



http://gwplotter.com



Two Phenomena to address high frequency GW
The Einstein equation
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can be expanded to the linear order with small strain ℎ
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Coupling to microwaves under static B

arXiv:gr-qc/0502054

MAGO project

M. E. Gertsenshtein JETP 41 113 1961

https://arxiv.org/abs/gr-qc/0502054


High-frequency gravitational waves produced in the 
thermal plasma in the early universe

A. Ringwald et al, JCAP 03 (2021) 054
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Figure 9: Illustration of the inverse Gertsenshtein e↵ect [75]. If a GW of frequency f passes in
vacuum through a transverse static magnetic field of strength B, an EMW is produced in the same
direction and with the same frequency. Its EM power, at the terminal position of the magnetic
field (z = L), is proportional to f2h2c(BL)2.

bands from (2.7� 14) ⇥ 1014 Hz and (5� 12) ⇥ 1018 Hz down to a characteristic amplitude
of hc < 6 ⇥ 10�26 and hc < 5 ⇥ 10�28, at 95% confidence level, respectively. Using suitable
EMW detectors sensitive to hc around its peak value at ⇠ 40GHz one may exploit such axion
experiments also for the search of the CGMB, as we will show in the next subsection.

In summary: all the current upper bounds on the characteristic amplitude of stochastic GWs from
direct experimental searches are many orders of magnitude above the CGMB predictions.

4.2 Prospects of EM detection of the CGMB in the laboratory

In this subsection, we will discuss the prospects of magnetic GW-EMW conversion experiments to
probe the CGMB6. We will first concentrate on GW-EMW conversion in available static magnetic
fields in vacuum with dedicated detectors appropriate for the tens of GHz range and then proceed
to a proposal exploiting an additional VHF EM Gaussian beam in order to generate a conversion
signal which is first order in hc.

4.2.1 Magnetic GW-EMW conversion in vacuum

In this subsection, we consider experiments exploiting the pure inverse Gertsenshtein e↵ect [75],
cf. Fig. 9. To this end, we assume that stochastic GWs of amplitude hc propagate through a
transverse and constant magnetic B in an evacuated tube of length L and cross-section A for a
time �t. Then the average power of the generated EMW, per logarithmic frequency interval, at
the terminal position of the magnetic field (z = L in Fig. 9) is obtained as [76, 78,94,95]
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(4.1)
The index “2” denotes here the fact that the generated EMW power is second order in hc. The
associated expected average number of generated photons, per unit logarithmic frequency interval,

6For a recent general review of detector concepts sensitive in the MHz to GHz range, see Ref. [102].

29

peak at 80 GHz

Conventional GW 
observatories

GW couples to photons of the same 
frequency under static magnetic field

M. E. Gertsenshtein JETP 41 113 1961

High-power 80GHz gaussian beam may 
enhance the signal level

12

• Peak at high frequency 80 GHz
• Microwave experiments have been proposed



http://gwplotter.com



By Original: 
Drbogdan Vector: 
Yinweichen - Own 
work, CC BY-SA 3.0, 
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ndex.php?curid=31
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Phys.Rev. D73 
(2006) 123515



News from astronomy: pulsars (15 yr) arXiv:2306.16213v1 

10 nHz = 3 years

• They claim an evidence of stochastic GW 
background  at very low frequency (nHz)

• Their results are consistent with massive black 
hole mergers but do not exclude other 
possibilities



Re-discovery of the Moon by LEP

à 24 hours  ~1.1×10!" Hz



Naïve insights

• Accelerators already observed gravitational tides
• But not gravitational waves

• Gravitational waves are quadrupole
• X and y strain may be cancelled
• Beam trajectory may not be influenced by GW

• The sensitivity may not be enough
• But what determines the sensitivity / resolution ?
• How to improve? Feasibility?

à Let us carefully investigate the GW interaction with accelerators



Theory



arXiv:2105.00992

arXiv:gr-qc/0210091

Based on the 
discussion here



Conventional detection of GW
The Einstein equation
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To the linear order with small ℎ
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Detector in 
xy-planeGW from 
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Traceless Transverse (TT) gauge
ℎ!! = −ℎ"" = Δ# cos 𝜔𝑡 − 𝑘𝑧 + 𝛿
ℎ!" = ℎ"! = Δ× cos(𝜔𝑡 − 𝑘𝑧 + 𝛿)
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Detection of GW

Structure oscillates in x and y



GW Laser interferometer
LIGO schematic from wiki

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



How about the 2nd order in ℎ!"?
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…continue for other 36 terms

40	(4x10)	Christoffel	symbols	need	to	be	checked



Summary of non-zero Γ !"
# under TT gauge
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14 out of 40 
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remain
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to the signal



Simplification of Γ !"
# under TT gauge
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Riemann tensor under the gauge condition
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Further calculations
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Not in arXiv:gr-qc/0210091



Combine all
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Further calculations
𝑟
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Additional term (Not in arXiv:gr-qc/0210091) cancels out

1st order term cancels out

=
1
4
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1
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2

+
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)
Not in arXiv:gr-qc/0210091= 0 if change in 𝑟 is small

≡ ℎ̇$



The 2nd order term oscillates circular objects

Radius 𝑅%

Circumference 𝐶%

The ring circumference would change by
Δ𝐶
Δ𝑡 =

Δ𝐶
Δ𝑡 ,

+
Δ𝐶
Δ𝑡 -

+
Δ𝐶
Δ𝑡 ./

tidal seasonal GW

1
𝐶Q
𝑑𝐶(𝑡)
𝑑𝑡

=
1
𝑅Q
𝑑𝑅(𝑡)
𝑑𝑡

~
1
16
ℎQR𝜔sin(2𝜔𝑡 + 2𝛿)

arXiv:gr-qc/0210091

This looks coherent but stochastic nature of relic GW may smear this signal

1
𝑟
𝑑R𝑟
𝑑𝑡R

= −
1
4

𝜕ℎSS
𝜕𝑡

R
+

𝜕ℎST
𝜕𝑡

R

ℎ%% = Δ. cos 𝜔𝑡 − 𝑘𝑧 + 𝛿
ℎ%, = Δ× cos(𝜔𝑡 − 𝑘𝑧 + 𝛿)
ℎ+ = Δ.$ + Δ×$



Coherent vs stochastic relic GW (arXiv:gr-qc/0210091)

Interaction between machine 
circumference and GW is 2nd order

→
1
𝐶Q
Δ𝐶UV
Δ𝑡

=
4𝜋
3
1
16
ℎQR;

Q

W
𝜔𝑆X 𝜔 sin(2𝜔𝑡 + 2𝛿) 𝑑𝜔

1
𝐶Q
Δ𝐶UV
Δ𝑡

=
1
16
ℎQR sin(2𝜔𝑡 + 2𝛿)

Coherent GW

𝛿𝐶UV
𝐶Q

= −
1
16
;
Q

W
𝑑ΩY;

Q

W
𝑑𝜙 ℎSS 𝑡, 𝜃Y, 𝜙Y, 𝜔 cos 2𝜙 + ℎST 𝑡, 𝜃Y, 𝜙Y, 𝜔 sin 2𝜙 R

Z

Stochastic GW

Isotopically 
coming GW from 
all solid angle

Frequency average with 
spectral density 𝑆0(𝜔) 𝑓 1 = ]

%

2
𝑑𝜔𝑆0(𝜔)𝑓(𝜔)

phase 
average

No major impact (unless 𝑆 𝜔 is uniform?)

𝑆0 𝜔 : spectral density

(Rayleigh fading?)



Experiment and time domain analysis



RF frequency and circumference of Spring-8
𝑅%~229 m
𝐶%~1435 m

Radius 𝑅%

Circumference 𝐶%

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

ABCD: RF stations

H. Ego et al, MOPMW009 IPAC2016𝑪𝟎~𝑇"𝑣 =
𝑐
⁄𝒇𝑹𝑭 𝑛

𝐶Q = 1435.4512 m for the 
official specification



Resolution: momentum compaction factor

−
𝛥𝐿
𝐿
~
𝛥𝑓
𝑓
= 𝜂E

𝛥𝑝
𝑝

𝜂E =
1
𝛾F
− 𝛼E

SPring-8
8 GeV à ⁄1 𝛾R~4×10de
𝛼f~1.46×10dg
⁄Δ𝑝 𝑝~1.08×10dh

→
Δ𝐿
𝐿
~10di = 0.1 ppm



Observations over 25 years

• Annual modulation (0.32 
ppm) is clearly correlating 
to the temperature 
modulation

• à thermal shrinkage

• Significant shift of RF in 
the first 2 years cannot be 
explained by temperature



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

Time domain analysis: fitting the initial RF shift

Fitting function

Very good 
resolution to 
monitor strain



Hypothesis: Shrinkage of drying concrete?
Spring-8 à 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
10dg/ 100 days if the 
depth is >20 cm
SPring-8 is 5 m 
underground 

0.86 ppm



Spectral analysis



Time domain data over 25 years

RF

pressure
temperature

Power spectrum is of great interest
But the data was not recorded periodically à FFT is not applicable



• Commonly used algorithm in the astronomy
• Modified from classical Fourier transform of unevenly spaced data (Schuster periodogram)
• The y-axis is not the classical spectral power density but chi2 of fitting time domain data by a 

sum of sinusoidal functions

Thanks to 
Yuto Minami



Uneven Fourier analysis: uneven Dirac comb
• Gaussian signal in time domain
• Different recording times

Uniform data acquisition  (Dirac comb) Nonuniform data acquisition

The Fourier spectrum is a convolution of the signal and the window



Fake peaks in unevenly spaced Fourier analysis
• Lomb-Scargle is not free from fake peaks due to aliasing and window

• Window is non-uniformly distributed Dirac comb & finite period of data set
• Aliasing is from temporal resolution and different from classical Nyquist for FFT (f/2)

Aliasing 1/n days



Periodogram of SPring-8 data

Some peaks are correlated among RF, temperature and pressure data
à Data were not taken in the same time à time window need to be analyzed



Window function of RF data

• RF data was not taken during shutdown, RF testing, etc
• Prepare a time-domain data set of ON/OFF

• Fill “1” on the time when RF data was measured
• Apply Lomb-Scargle to this ON/OFF data set

• Peaks are clearly visible in frequency domain
• “Fake” peaks due to periodic shutdown etc

Time domain frequency domain



Compare window effect and data (all)



Compare window effect and data (around 1 day)

• Fake peaks in RF explained by window effect
• Probably a correlation to at which time we record data  in one day
• Peaks shorter than 1 day could be aliasing



Compare window effect and data (up to 365 days)
Peaks due to window effect (RF shutdown, maintenance, tests, etc)

• Annual modulation 
due to temperature

• No window effect



Compare window effect and data (years)

• Temperature and pressure does not have clear structure 
more than 1 year 

• The window effect and RF structure are not fully correlated
• Physics might be hidden there
• Phase analysis (?)
• Mutual correlation (?)



Stochastic relic GW (arXiv:gr-qc/0210091)

→
1
𝐶Q
Δ𝐶UV
Δ𝑡

=
4𝜋
3
1
16
ℎQR;

Q

W
𝜔𝑆X 𝜔 sin(2𝜔𝑡 + 2𝛿) 𝑑𝜔

𝛿𝐶UV
𝐶Q

= −
1
16
;
Q

W
𝑑ΩY;

Q

W
𝑑𝜙 ℎSS 𝑡, 𝜃Y, 𝜙Y, 𝜔 cos 2𝜙 + ℎST 𝑡, 𝜃Y, 𝜙Y, 𝜔 sin 2𝜙 R

Z

Stochastic GW

Isotopically 
coming GW from 
all solid angle

Frequency average with 
spectral density 𝑆0(𝜔) 𝑓 1 = ]

%

2
𝑑𝜔𝑆0𝑓(𝜔)

phase 
average

𝑆# 𝜔 depends on 
cosmology and astrophysics

𝑪𝟎~𝑇"𝑣 =
𝑐
⁄𝒇𝑹𝑭 𝑛

𝑛 = 2436



Phys.Rev. D73 
(2006) 123515



Conclusion
• Stochastic GW is very important subject in fundamental physics

• We are the most interested in something from the very early universe
• NANOGrav published pulsar data of 15 years
• A theory predicts that stochastic GW background would interact with circumference of ring structure in the 2nd

order
• Some issues in the calculation need to be assessed

à If this is true, storage rings may be a research tool of GWs
• We extracted 25 years data from SPring-8

• Circumference is precisely reconstructed from RF frequency data and has sub-ppm resolution
• The annual modulation is correlated to the underground temperature so this is caused by thermal shrinkage 

• Time domain analysis revealed exponential shrinkage of the ring
• 0.86 ppm and time constant of 1.88 years
• Drying concrete may qualitatively explain this phenomenon but quantitative study seems hard

• Frequency domain spectral analysis revealed interesting structure
• Lomb-Scargle algorithm was used (common tool in astronomy)
• Some of the structures were explained by the window bias caused by shutdown, maintenance, DAQ time, etc
• Some peaks at very low frequency cannot be explained by the window, temperature, and pressure variation

• To which 𝑆(𝜔) should we compare the data and either support or exclude the theory?
• Can we make a theory-experiment collaboration for data analysis?



backup



Assumptions of relic gravitational waves

• Decoupling from equilibrium: ⁄Γ 𝐻 = ⁄𝑇 𝑀jk
h~1 → 10dgg sec

• 𝛤: interaction rate, 𝐻: Hubble parameter

• Isotropic
• Unpolarized: Δl~Δ×
• Stationary

• Intensity of of relic GW: Ωno = pqn!
hr"#

st$%
s uvw x

• Hubble constant 𝐻+ = ℎ+×100 ⁄km secMPc
• Characteristic amplitude of GW amplitude

ℎf 𝑓, Δ𝑓 = 7.111×10dRR
1 mHz
𝑓

⁄h R ℎQΩno 𝑓
10dp

⁄y R Δ𝑓
3.17×10dp Hz

⁄y R

• Measurement bandwidth Δ𝑓 = ⁄1 𝑇, with 𝑇 total observation time

M. Maggiore arXiv:gr-qc/0008027 (2000)
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signal just in the LISA frequency window, while the QCD phase transition is expected to
give a signal peaked around f = 4×10−6 Hz. However, the signal is sizable only if the phase
transition is first order and, unfortunately, in the Standard Model with the existing bounds
on the Higgs mass, there is not even a phase transition but rather a smooth crossover, so
that basically no GW is produced. However, in supersymmetric extensions of the Standard
Model, the transition can be first order, and a stronger signal could be obtained. Depending
on the strength of the transition, one could even get a signal such as curve (d) of fig. 4.

-18.0 -14.0 -10.0 -6.0 -2.0 2.0 6.0 10.0
Log[ f (Hz) ]

-16.0

-14.0

-12.0

-10.0
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-6.0

-4.0

-2.0

0.0

Lo
g[

 h
02 Ω

gw
 ] 

 

(a)

(b)

(c)

(d)

Figure 4: The backgrounds predicted, with optimistic choice of parameters, by (a) inflation,
(b) string cosmology, (c) cosmic strings, (d) a first order phase transition at the electroweak
scale, together with the bounds and sensitivities of fig. 3.

Finally, there are very interesting astrophysical backgrounds, coming from a large number
of unresolved sources. These are displayed in fig. 5. For a discussion, see [19] and the contri-
bution of Raffaella Schneider to these proceedings. Another important issue, especially for
LISA, is also how to discriminate cosmological from astrophysical backgrounds, see eg. [20].

The conclusion that emerges looking at fig. 3 is that in the next few years, with the first
generation of ground based interferometers, we will have the possibility to explore five new
order of magnitude in energy densities, probing the content in GWs of the universe down
to h2

0Ωgw ∼ 10−5. At this level, the nucleosynthesis bound suggest that the possibility of
detection are quite marginal. It should not be forgotten, however, that nucleosynthesis is a
(beautiful) theory, with a lot of theoretical input from nuclear reaction in stars, etc., and
its prediction is by no means a substitute for a measurement of GWs. With the second
generation of ground based interferometers and with LISA, we will then penetrate quite
deeply into a region which experimentally is totally unexplored, and where a number of
explicit examples (although subject to large theoretical uncertainties) suggest that a positive
result can be found.

Theoretical predictions in 2000 (to be updated)

M. Maggiore arXiv:gr-qc/0008027 (2000)

Vacuum fluctuation at 
transition from inflation 
to radiation dominant

String cosmologyCosmic string vibration
(Topological defect of GUT)

QCD 1st order phase 
transition 𝑓~4×1034 Hz

Electroweak 1st order phase transition
(not SM but supersymmetric)



Remark: relation between ℎ-./ and ℎ-
They assumed that the seasonable force is from the gravitational force between the Sun and the Earth:

𝑈-(𝒓) = 𝐺5𝑀⊙
1

|𝑹- − 𝒓|
−
1
𝑅-
−
𝒓 ⋅ 𝑹𝒔
𝑅-+

Radius of the Earth 𝑟 = 6.378×10! m
Distance between the Sun and the Earch 𝑅" = 1.496×10## m
Mass of the Sun 𝑀⊙ = 1.989×10%& kg
Newton constant 𝐺' = 6.638×10( m3kg-1yr-2

And assumed that energy density of this seasonal force and relic GW is the same due to the same stiffness of the machine

à They estimated ℎ89% ~5×103:4 and ℎ%~7×103;, so 𝑓 = ⁄𝜔 2𝜋~2×103<~1.6 yr and Ω89~5×103::

However, Takao’s data excludes the assumption
• Motion between the Sun and the Earth must be 

correlated to the atmospheric temperature
• Takao’s data showed that the circumference’s change is 

correlated to the underground (5 m) temperature that 
significantly delays (2-3 months) from the atmospheric 
temperature

à The cause of seasonable change is from thermal 
expansion related to the underground temperature

delay

arXiv:gr-qc/0210091


