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Space-time geometry
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event
<latexit sha1_base64="ae5gOktqk53q42uobSk52Pj0XHc=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQQcquFPVY9OKxgv2A7VKyadqGZpMlmS2WpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMC2PBDbjut5NbW9/Y3MpvF3Z29/YPiodHTaMSTVmDKqF0OySGCS5ZAzgI1o41I1EoWCsc3c381phpw5V8hEnMgogMJO9zSsBKfhkuOmNG06fpebdYcivuHHiVeBkpoQz1bvGr01M0iZgEKogxvufGEKREA6eCTQudxLCY0BEZMN9SSSJmgnR+8hSfWaWH+0rbkoDn6u+JlETGTKLQdkYEhmbZm4n/eX4C/Zsg5TJOgEm6WNRPBAaFZ//jHteMgphYQqjm9lZMh0QTCjalgg3BW355lTQvK95VpfpQLdVuszjy6ASdojLy0DWqoXtURw1EkULP6BW9OeC8OO/Ox6I152Qzx+gPnM8fwA2Q7A==</latexit>

(t, ~x) Distance between 
two events

<latexit sha1_base64="WtgEYObo3pRxRgvizK36jrjYpwY=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKqkqYEGqYGEsEn1ITRo5jtNadZzIdhBV1JmFX2FhACFWvoCNv8FpM0DLkSwfn3Ovru/xE0alsqxvY2l5ZXVtvbRR3tza3tk19/bbMk4FJi0cs1h0fSQJo5y0FFWMdBNBUOQz0vFH17nfuSdC0pjfqXFC3AgNOA0pRkpLnnkUyH4NXsKBlzlR6vB0Ejz0czq79dszK1bVmgIuErsgFVCg6ZlfThDjNCJcYYak7NlWotwMCUUxI5Oyk0qSIDxCA9LTlKOISDebrjKBJ1oJYBgLfbiCU/V3R4YiKceRrysjpIZy3svF/7xeqsILN6M8SRXheDYoTBlUMcxzgQEVBCs21gRhQfVfIR4igbDS6ZV1CPb8youkXavaZ9X6bb3SuCriKIFDcAxOgQ3OQQPcgCZoAQwewTN4BW/Gk/FivBsfs9Ilo+g5AH9gfP4AxFWa/g==</latexit>

ds2 = gµ⌫dx
µdx⌫

Metrics (dimensionless)<latexit sha1_base64="Hf2oUbZoMfttPmZEnSj3B0w6EWY=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAdmlzA7mSRDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctnVhFaJMkPFGdGGvKmaRNwwynnVRRLGJO2/H4dua3n6jSLJEPZpLSSOChZANGsHHS47CXhcKG0k575Ypf9edAqyTISQVyNHrlr7CfECuoNIRjrbuBn5oow8owwum0FFpNU0zGeEi7jkosqI6y+cVTdOaUPhokypU0aK7+nsiw0HoiYtcpsBnpZW8m/ud1rRlcRxmTqTVUksWigeXIJGj2PuozRYnhE0cwUczdisgIK0yMC6nkQgiWX14lrYtqcFmt3dcq9Zs8jiKcwCmcQwBXUIc7aEATCEh4hld487T34r17H4vWgpfPHMMfeJ8/+96RIg==</latexit>gµ⌫ Defines the geometric properties 
of space-time

<latexit sha1_base64="cCJ/qAo0np65SM8qHihxmbRdSFw=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiRStBuh6KIuK/QFTQyT6aQdOpmEmYlQQv7Bjb/ixoUibt2482+ctkG09cCFwzn3cu89fsyoVJb1ZSwtr6yurRc2iptb2zu75t5+W0aJwKSFIxaJro8kYZSTlqKKkW4sCAp9Rjr+6Hrid+6JkDTiTTWOiRuiAacBxUhpyTNP617qhInDkwxeQicQCKdVJ6awnqX4rpLB5o/vmSWrbE0BF4mdkxLI0fDMT6cf4SQkXGGGpOzZVqzcFAlFMSNZ0UkkiREeoQHpacpRSKSbTn/K4LFW+jCIhC6u4FT9PZGiUMpx6OvOEKmhnPcm4n9eL1FB1U0pjxNFOJ4tChIGVQQnAcE+FQQrNtYEYUH1rRAPkc5F6RiLOgR7/uVF0j4r2+flym2lVLvK4yiAQ3AEToANLkAN3IAGaAEMHsATeAGvxqPxbLwZ77PWJSOfOQB/YHx8A3A/nek=</latexit>

Gµ⌫ =
8⇡G

c4
Tµ⌫

Einstein field equations

Einstein tensor: This is a nonlinear differential 
function of 

<latexit sha1_base64="Hf2oUbZoMfttPmZEnSj3B0w6EWY=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAdmlzA7mSRDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctnVhFaJMkPFGdGGvKmaRNwwynnVRRLGJO2/H4dua3n6jSLJEPZpLSSOChZANGsHHS47CXhcKG0k575Ypf9edAqyTISQVyNHrlr7CfECuoNIRjrbuBn5oow8owwum0FFpNU0zGeEi7jkosqI6y+cVTdOaUPhokypU0aK7+nsiw0HoiYtcpsBnpZW8m/ud1rRlcRxmTqTVUksWigeXIJGj2PuozRYnhE0cwUczdisgIK0yMC6nkQgiWX14lrYtqcFmt3dcq9Zs8jiKcwCmcQwBXUIc7aEATCEh4hld487T34r17H4vWgpfPHMMfeJ8/+96RIg==</latexit>gµ⌫

Stress-energy tensor
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<latexit sha1_base64="Ztn4Jjxjs/hAd6yfAZZ9NauYhHQ="></latexit>

gµ⌫ = ⌘µ⌫ =

0

BB@

�1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

1

CCA

For weak gravity
<latexit sha1_base64="R8JT3IcJ0sBGr8Im8iiZ1FItrag=">AAACEXicbVDLSsNAFJ3UV42vqEs3g0UoCCWRom6EohuXFewDmhAm02k7dDIJ8xBK6C+48VfcuFDErTt3/o3TNhRtPXDhzDn3MveeKGVUKtf9tgorq2vrG8VNe2t7Z3fP2T9oykQLTBo4YYloR0gSRjlpKKoYaaeCoDhipBUNbyZ+64EISRN+r0YpCWLU57RHMVJGCp1yP8z8WPtcj+EVtH2i0FywT+3B/BE6JbfiTgGXiZeTEshRD50vv5tgHROuMENSdjw3VUGGhKKYkbHta0lShIeoTzqGchQTGWTTi8bwxChd2EuEKa7gVP09kaFYylEcmc4YqYFc9Cbif15Hq95lkFGeakU4nn3U0wyqBE7igV0qCFZsZAjCgppdIR4ggbAyIdomBG/x5GXSPKt455XqXbVUu87jKIIjcAzKwAMXoAZuQR00AAaP4Bm8gjfryXqx3q2PWWvBymcOwR9Ynz+kbZzr</latexit>

gµ⌫ = ⌘µ⌫ + hµ⌫

perturbation

Einstein equation
for weak field 

In absence of gravity

<latexit sha1_base64="KUr8JOPOGM6AW9LRmu5Ys7FfrHs="></latexit>

⇤h
µ⌫

= �16⇡
G

c4
Tµ⌫



<latexit sha1_base64="aM2OdX15v5UJ6ZnM8QjkKFTwNGM="></latexit>✓
�@2

@2
+r2

◆
h
µ⌫

= �16⇡
G

c4
Tµ⌫

Waves in 
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Source

<latexit sha1_base64="zJnkux82meNIbwXrz5ZZyjFAXXE=">AAACEnicbVC7TsMwFHXKq4RXgZHFokKCpUqgAhakChbGVqIPqSmR4zitG8eJbAe1ivoNLPwKCwMIsTKx8Te4jwFajnSlo3PuvfY9XsKoVJb1beSWlldW1/Lr5sbm1vZOYXevIeNUYFLHMYtFy0OSMMpJXVHFSCsRBEUeI00vvBn7zQciJI35nRompBOhLqcBxUhpyS2c1NysH47gFTQdypWbTTePoCN6MRy4fV0h9Af3Z26haJWsCeAisWekCGaouoUvx49xGhGuMENStm0rUZ0MCUUxIyPTSSVJEA5Rl7Q15SgispNNThrBI634MIiFLq7gRP09kaFIymHk6c4IqZ6c98bif147VcFlJ6M8SRXhePpQkDKoYjjOB/pUEKzYUBOEBdV/hbiHBMJKp2jqEOz5kxdJ47Rkn5fKtXKxcj2LIw8OwCE4Bja4ABVwC6qgDjB4BM/gFbwZT8aL8W58TFtzxmxmH/yB8fkD1qyc9g==</latexit>

Qjk =

Z

source
⇢xjxkdx

3

Far field solution: amplitude

Quadrupolar momentum

<latexit sha1_base64="Hf2oUbZoMfttPmZEnSj3B0w6EWY=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAdmlzA7mSRDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctnVhFaJMkPFGdGGvKmaRNwwynnVRRLGJO2/H4dua3n6jSLJEPZpLSSOChZANGsHHS47CXhcKG0k575Ypf9edAqyTISQVyNHrlr7CfECuoNIRjrbuBn5oow8owwum0FFpNU0zGeEi7jkosqI6y+cVTdOaUPhokypU0aK7+nsiw0HoiYtcpsBnpZW8m/ud1rRlcRxmTqTVUksWigeXIJGj2PuozRYnhE0cwUczdisgIK0yMC6nkQgiWX14lrYtqcFmt3dcq9Zs8jiKcwCmcQwBXUIc7aEATCEh4hld487T34r17H4vWgpfPHMMfeJ8/+96RIg==</latexit>gµ⌫

<latexit sha1_base64="6PD/JRnmocxJaQ61ipT0H2nOe0Q=">AAACI3icbVDLSgMxFM34rPVVdekmWARXZaYUFUEoutBlC/YB7XTIZDJtbOZBkhFKmH9x46+4caEUNy78F9POLLT1QODcc+7l5h43ZlRI0/wyVlbX1jc2C1vF7Z3dvf3SwWFbRAnHpIUjFvGuiwRhNCQtSSUj3ZgTFLiMdNzx7czvPBEuaBQ+yElM7AANQ+pTjKSWnNLVyFGP4xRew77PEVZ3qcKDWpoV1VTxtJhxb1CFzXlvqjw5qKbQKZXNijkHXCZWTsogR8MpTftehJOAhBIzJETPMmNpK8QlxYzoRYkgMcJjNCQ9TUMUEGGr+Y0pPNWKB/2I6xdKOFd/TygUCDEJXN0ZIDkSi95M/M/rJdK/tBUN40SSEGeL/IRBGcFZYNCjnGDJJpogzKn+K8QjpCOROtaiDsFaPHmZtKsV67xSa9bK9Zs8jgI4BifgDFjgAtTBPWiAFsDgGbyCd/BhvBhvxtT4zFpXjHzmCPyB8f0DbVCkxA==</latexit>

hjk =
G

c4
2

r

d2Qjk

dt2
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plus cross

GW polarization



Amplitude estimates of h
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<latexit sha1_base64="FTLiUSnIsOM1mtuP5WKhbnLEEpo=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQTZkpRV0WXehGqGAf0GlLJs20oUlmSDKFMsw3uPFX3LhQxK0rd/6NaTsLbT1w4eSce8m9x48YVdpxvq3cyura+kZ+s7C1vbO7Z+8fNFQYS0zqOGShbPlIEUYFqWuqGWlFkiDuM9L0R9dTvzkmUtFQPOhJRDocDQQNKEbaSD37bAg9RpRSlEMvkAgnN2mCu5U0e5XTRKbwbtwt9+yiU3JmgMvEzUgRZKj17C+vH+KYE6ExQ0q1XSfSnQRJTTEjacGLFYkQHqEBaRsqECeqk8xOSuGJUfowCKUpoeFM/T2RIK7UhPumkyM9VIveVPzPa8c6uOwkVESxJgLPPwpiBnUIp/nAPpUEazYxBGFJza4QD5GJQpsUCyYEd/HkZdIol9zzUuW+UqxeZXHkwRE4BqfABRegCm5BDdQBBo/gGbyCN+vJerHerY95a87KZg7BH1ifP9VvnZU=</latexit>

h . G

c4
2

r
Mv2

Maximum amplitude @ distance r 

<latexit sha1_base64="zJnkux82meNIbwXrz5ZZyjFAXXE=">AAACEnicbVC7TsMwFHXKq4RXgZHFokKCpUqgAhakChbGVqIPqSmR4zitG8eJbAe1ivoNLPwKCwMIsTKx8Te4jwFajnSlo3PuvfY9XsKoVJb1beSWlldW1/Lr5sbm1vZOYXevIeNUYFLHMYtFy0OSMMpJXVHFSCsRBEUeI00vvBn7zQciJI35nRompBOhLqcBxUhpyS2c1NysH47gFTQdypWbTTePoCN6MRy4fV0h9Af3Z26haJWsCeAisWekCGaouoUvx49xGhGuMENStm0rUZ0MCUUxIyPTSSVJEA5Rl7Q15SgispNNThrBI634MIiFLq7gRP09kaFIymHk6c4IqZ6c98bif147VcFlJ6M8SRXhePpQkDKoYjjOB/pUEKzYUBOEBdV/hbiHBMJKp2jqEOz5kxdJ47Rkn5fKtXKxcj2LIw8OwCE4Bja4ABVwC6qgDjB4BM/gFbwZT8aL8W58TFtzxmxmH/yB8fkD1qyc9g==</latexit>

Qjk =

Z

source
⇢xjxkdx

3

Non-spherical

Effect of the metric perturbation
<latexit sha1_base64="dYcQt6YYSF3FCIxutAwqfQeTs/Y=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5JIUY9FPXisYD+gCWWznbRLd5O4uxFK6MGLf8WLB0W8+iO8+W/ctjlo64OBx3szzMwLEs6Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeSQpPGPJadgCjgLIKmZppDJ5FARMChHYyupn77AaRicXSnxwn4ggwiFjJKtJF6dtkLJaGZdw1cE8wnGZ9gTzEB93jYsytO1ZkBLxM3JxWUo9Gzv7x+TFMBkaacKNV1nUT7GZGaUQ6TkpcqSAgdkQF0DY2IAOVnsycm+NgofRzG0lSk8Uz9PZERodRYBKZTED1Ui95U/M/rpjq88DMWJamGiM4XhSnHOsbTRHCfSaCajw0hVDJzK6ZDYlLRJreSCcFdfHmZtE6r7lm1dlur1C/zOIqojI7QCXLROaqjG9RATUTRI3pGr+jNerJerHfrY95asPKZQ/QH1ucPjdeYCw==</latexit>

�l

l
' h

<latexit sha1_base64="J2v5PVGsANDNk3Om+dUXRRMjXzk=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzFxRWYIUZdEN25MIJFHAuOkUzpQaTuTtoMhI5/ixoXGuPVL3Pk3FpiFgie5yck59+bee4KYUaUd59vKra1vbG7ltws7u3v7B3bxsKWiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2MLqe+e0xkYpG4k5PYuJxNBA0pBhpI/l2seGnD6Mp7CnK4S0c31d8u+SUnTngKnEzUgIZ6r791etHOOFEaMyQUl3XibWXIqkpZmRa6CWKxAiP0IB0DRWIE+Wl89On8NQofRhG0pTQcK7+nkgRV2rCA9PJkR6qZW8m/ud1Ex1eeikVcaKJwItFYcKgjuAsB9inkmDNJoYgLKm5FeIhkghrk1bBhOAuv7xKWpWye16uNqql2lUWRx4cgxNwBlxwAWrgBtRBE2DwCJ7BK3iznqwX6936WLTmrGzmCPyB9fkDBBGTMw==</latexit>

Qjk ⇠ Mv2
<latexit sha1_base64="iVrpAETYPgdb+5DXMdF12d1b/Aw=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSSlqMeiF48V7Ae0tWw2m3bpZhN2J4US+k+8eFDEq//Em//GbZuDtj6Y4fHeDDv7/ERwja77bRU2Nre2d4q7pb39g8Mj+/ikpeNUUdaksYhVxyeaCS5ZEzkK1kkUI5EvWNsf38399oQpzWP5iNOE9SMylDzklKCRBrbdCxWhWfBUnWUBmj6wy27FXcBZJ15OypCjMbC/ekFM04hJpIJo3fXcBPsZUcipYLNSL9UsIXRMhqxrqCQR0/1scfnMuTBK4ISxMiXRWai/NzISaT2NfDMZERzpVW8u/ud1Uwxv+hmXSYpM0uVDYSocjJ15DE7AFaMopoYQqri51aEjYqJAE1bJhOCtfnmdtKoV76pSe6iV67d5HEU4g3O4BA+uoQ730IAmUJjAM7zCm5VZL9a79bEcLVj5zin8gfX5A4Rrk5g=</latexit>

d2

dt2



Example of GW source
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Extreme Amusement Park Attraction 

At distance of one wavelength

<latexit sha1_base64="37TAkky/be/BgUcHK/6TtwiSuUQ="></latexit>

R ⇠ 10m
Npersons ⇠ 28
weight ⇠ 100Kg
Structureweight ⇠ 6000Kg
vmax ⇠ 20m/s

<latexit sha1_base64="3jjMFggiHKtFY9kTrubCNiDtPTA=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgQkKiRd0IRTddVrAPaEKZTCft0MmDmRuxhoK/4saFIm79Dnf+jdM2C209cOFwzr3ce4+fCK7Atr+NhcWl5ZXVwlpxfWNza9vc2W2oOJWU1WksYtnyiWKCR6wOHARrJZKR0Bes6Q9uxn7znknF4+gOhgnzQtKLeMApAS11zP0AX2HbOnNPsAvsAWSYVR9HHbNkW/YEeJ44OSmhHLWO+eV2Y5qGLAIqiFJtx07Ay4gETgUbFd1UsYTQAemxtqYRCZnyssn5I3yklS4OYqkrAjxRf09kJFRqGPq6MyTQV7PeWPzPa6cQXHoZj5IUWESni4JUYIjxOAvc5ZJREENNCJVc34ppn0hCQSdW1CE4sy/Pk8ap5Zxb5dtyqXKdx1FAB+gQHSMHXaAKqqIaqiOKMvSMXtGb8WS8GO/Gx7R1wchn9tAfGJ8/JMOUXA==</latexit>

f = 0.3Hz

<latexit sha1_base64="bRbZ51fOCJFG8mI8bcaqi7bS/Qs=">AAACEHicbVC7SgNBFJ31GeMramkzGEQLWXYlaCwCQRvLCOYB2RhmZyfJkJndZeauGJZ8go2/YmOhiK2lnX/j5FFo4oGBwznncucePxZcg+N8WwuLS8srq5m17PrG5tZ2bme3pqNEUValkYhUwyeaCR6yKnAQrBErRqQvWN3vX438+j1TmkfhLQxi1pKkG/IOpwSM1M4dqZInTDwgpQu74AGXTGPXuUuLQ+8Ee8AeQMlUDtu5vGM7Y+B54k5JHk1Raee+vCCiiWQhUEG0brpODK2UKOBUsGHWSzSLCe2TLmsaGhKzuJWODxriQ6MEuBMp80LAY/X3REqk1gPpm6Qk0NOz3kj8z2sm0Cm2Uh7GCbCQThZ1EoEhwqN2cMAVoyAGhhCquPkrpj2iCAXTYdaU4M6ePE9qp7Z7ZhduCvny5bSODNpHB+gYuegcldE1qqAqougRPaNX9GY9WS/Wu/UxiS5Y05k99AfW5w8wvpwY</latexit>

r = � = 9.4⇥ 108 m
<latexit sha1_base64="hUTu9jLqz5nemZONe6wL9vw0L8Y=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR3FgSKa3LohuXFewDmlgm00k7dDIJMzdCCXXjr7hxoYhb/8Kdf+P0sdDWAxcO59zLvfcEieAaHOfbyq2srq1v5DcLW9s7u3v2/kFTx6mirEFjEat2QDQTXLIGcBCsnShGokCwVjC8nvitB6Y0j+UdjBLmR6QvecgpASN17aMB9jSPcAV7wCOmsevcZ+fl6rhrF52SMwVeJu6cFNEc9a795fVimkZMAhVE647rJOBnRAGngo0LXqpZQuiQ9FnHUEnMNj+bfjDGp0bp4TBWpiTgqfp7IiOR1qMoMJ0RgYFe9Cbif14nhfDSz7hMUmCSzhaFqcAQ40kcuMcVoyBGhhCquLkV0wFRhIIJrWBCcBdfXibNi5JbKZVvy8Xa1TyOPDpGJ+gMuaiKaugG1VEDUfSIntErerOerBfr3fqYteas+cwh+gPr8wfOApU0</latexit>

h ⇠ 6⇥ 10�47

https://www.alibaba.com/product-detail/Extreme-amusement-park-attraction-adult-games_60690723988.html


GW Sources
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•Binaries
have a large and varying 
quadrupole moment 

•Continuous sources
A spinning source can emit gravitational 
waves at a single frequency for 
a long time. à Neutron stars 

•Bursts
Events of very limited duration without 
any special periodicity. 
An example à core-collapse supernova. 

•Stochastic sources
Broad bands of frequency with many sources. Examples: huge foreground of 
double white dwarf binaries in our Galaxy, or possibly a background from the 
very early universe. 

Part II 

GW sources
  
                                               

Characteristics of 
GW sources à f, h



Ground-based LASER interferometry
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Fabry-Perot

Recycling 
mirror

P’

P

L L

Raffaele Flaminio

GW changes the distance L 



LASER interferometers sensitivity
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B.S. Sathyaprakash



Detector sensitivity and GW sources
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B.S. Sathyaprakash



GW sources and antenna sensitivity
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from http://gwplotter.com/

Periodicity of GW 3 yrs

http://gwplotter.com/


GW detection
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Power variation: 2 10-8 W

1. Readout noises
2. Displacement noises
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20 years of improvement

New ideas 
for GW detection

Fight against
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ARIES topical workshop on 

Virtual workshop
https://indico.cern.ch/event/982987/

Storage Rings  &



New concepts and R&D: 
GW detection with Atomic interferometry
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Oliver Buchmueller
J. E. Ellis

AION, AEDGE projects

AION

100 m 4.4 107 msize

AEDGE=Space version of AION



Detection in 
an SRF Cavity
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Sebastian A. R. Ellis 

Gertsenshtein effect, 1962 
and inverse

pioneered in the 1970s by  
Vladimir Braginskii & Mikhail Menskii,  
Francesco Pegoraro, Emilio Picasso & Luigi Radicati



Storage rings and GW
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Observables

• Storage ring circumference changes
• Revolution time around the storage ring changes
• Enhanced beam oscillation by GW

Topics

• Level of vibrations in storage rings, and beam response
to vibrations, earthquakes, tides

• Can a GW be a driving term for a ring resonance?
• Disturbances



Vibrations in storage rings
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Ground vibrations

Rongbing Deng 

Shanghai Synchrotron Radiation Facility 
(SSRF, CHINA) 

High precision
BPM vibration

Quadrupole vibration

Different at different locations



Vibrations and noise in the LHC
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Tides @ LHC

Earthquakes observation at LHCNoise on the tunnel

frequency range » 0.1-1 Hz provides the 
highest sensitivity at the level of »10-12 for relative circumference changes.

J.
 W

en
ni

ng
er

Beam oscillations



Maybe already detected in SPring-8
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M. Takao & T. Shimada, SPring-8: Seasonal variations
of machine circumference and damping

∆C(t) = ∆C(t)seasonal +∆C(t)unknown →
∆C(t)unknown

∆t
= const < 0

Figure: Seasonal variations upon the damping

Invited talk at ARIES WP6 Workshop on Gravitational Waves and Storage Rings

Gravitational strain

J. A. Peacock, in COSMOLOGICAL PHYSICS, Cambridge
University Press, 1999

On the Earth the main fundamental effect of the
gravitaitonal waves is the gravitational strain: a fractional
distortion in the lengths of the objects induced by the
gravitational waves

Taking into account such a property of the gravitational
waves on the Earth, we assumed that the damping of the
machine circumference of SPring-8 may be induced by
gravitational waves.
Such an assumption allows to define the rate of the total
shrinkage of the machine circumference as follows

∆C

∆t
=

(

∆C

∆t

)

tid.

+

(

∆C

∆t

)

seas.

+

(

∆C

∆t

)

gw

Invited talk at ARIES WP6 Workshop on Gravitational Waves and Storage RingsAndrey Ivanov 

Spring-8 seasonal variations of machine 
Circumference and damping

Gravitational strain on Earth

relic gravitational-wave background 

consistent with Spring-8 data
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Travel time on LHC
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Suvrat Rao

Change in travel time due to change in 
test mass velocities, not orbit distortion! 

Travel time orbit distortion à h2

Travel time velocity change à h



Travel time à noise budget
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Order of magnitude over the observation period of 24 hours:-

1. Quantum noise (quantum uncertainty in time-tagging proton 
bunches): ΔTquantum~10-20 s.

2. Gravity gradient noise (due to Sun, Moon, Alps mountains etc.): 
ΔTGG~10-16 s 

3. Seismic noise (due to orbit distortion): ΔTseismic~10-17 s.
4. Radiofrequency phase noise (due to rf system): ΔTrf~10-12 s.
5. Detector noise (due to detector timing jitter): ΔTdetector~10-12 s.
6. Photon shot noise(due to photon statistics): ΔTphoton~10-17 s.

Suvrat Rao



Oscillations on the longitudinal plane
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On the resonance
From phase measurement in an RF cavity 
the experimental à ΔT/T = 10-7

h > 10-11
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!l ⇠ 10 Hz ⌧l = 1 hour

Slower proton à
3 orders of magnitude better

R. Tito d’Agnolo
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Sensitivity / Noise sources
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* Noise due to the thermal vibration of quadrupoles

Center of mass fluctuation due to finite number of particle

after the damping time in LHC à emittance ~ 0.2 fm à Δxs = 40 pm

* Beam fluctuation due to synchrotron radiation,  acceleration

<latexit sha1_base64="DL1TjbtevV/EIzSxGxzFEpQKthQ="></latexit>
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xQ ⇠ 6 pm
xn ⇠ 3⇥ 104�xQ = 0.17µm

K. Oide

Estimate sensitivity scaling 
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Summary of topics discussed
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(1) gravitational wave (GW) detection by resonant betatron oscillations, for the
10 kHz range;

(2) GW detection through the change in revolution period, but using a ``low-
energy'' coasting ion beam without a longitudinally focusing radiofrequency
system – Can the sensitivity be down to 0.01 mHz?

(3) Heterodyne detection using superconducting radiofrequency cavities, with a
sensitivity possibly up to 10 MHz.

(4) GW generated by the beam, and the orbital frequency ~10 kHz for LHC, at
the LHC and FCC-hh bunch frequency of 40 MHz, or, with a Gertsenshtein
signal in the 10 THz range – combined with a high-frequency detector
concept. By Pisin Chen (NTU Taiwan)

(5) Possibility of using an LHC access shaft to house a 100 m atom
interferometer targeting the 1 to 0.01 Hz range.



Dynamics in accelerator physics
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Nonlinear fields,
Collective effects
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Confusions
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Subtleties
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General Relativity community Accelerator community

Force 
Force by GW on a 
beam particle?
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Summary/Outlook
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• Detection of gravitational waves has a strong interest for testing GR and 
understanding cosmo

• New approaches: atomic interferometry. Existing ideas are revived à SRF cavity

• Sensitivity of the methods discussed

• There are still difficulties to formulate 
the particle accelerator beam 
dynamics  under the influence of GW

• Proposed methods: use detection of 
1. Travel time
2. Frequency shifts
3. GW resonate with  

beam oscillation

• Renaissance of exploring the use of storage rings for detecting GW

• Noise influence on the beam is presently large with respect to amplitudes to be measured
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Thank you for the attention
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