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• Axions are pseudo Goldstone bosons, naturally light.


• Couplings to SM are naturally small.


• QCD axion can solve the strong CP problem.


• String theory predicts many axion-like particles (ALPs).

What are Axions?

Peccei & Quinn  (1977) 
Weinberg (1978) 
Wilczek (1978)

Kim (1979),  
Dine et. al (1981)

Svrcek & Witten (2006),   Arvanitaki et. al  (2009)
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Axions can be Dark Matter (DM)

• Large occupation number


• Cold dark matter


• Behave like classical field

Preskill et. al (1983), Abbott & Sikivi (1983), Dine & Fischler (1983)
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Random variable follows Maxwell distribution
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Axion’s Two Photon Vertex

Axion searches usually rely on axion-photon 
conversion in a background magnetic field.
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From The Review of Particle Physics (2020)

Solar

LabDM
Broadband, 
astrophysical modeling 
independent

Broadband, 
pretty robust

Very narrow 
bandwidth, requires 

scanning
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This talk

• Axion-photon coupling 


• Light-Shining-through-Wall (LSW) using two superconducting radio-
frequency (SRF) cavities


• Entangled sensor networks for DM direct detection

6

A.J.Brady, CG, et. al, PRX Quantum (2022)

CG, R. Harnik, JHEP (2021)



Christina Gao | Axion Searches with Two or More Cavities

LSW Axion Searches with Two SRF Cavities
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CG, R. Harnik, JHEP (2021)
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Light-Shining-Through-Walls (LSW)

Tiny signal rate 


Want large number of photons to source the axion


Want a low noise detector
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Light-Shining-Through-Walls (LSW)

Tiny signal rate 


Want large number of photons to source the axion


Want a low noise detector
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⏞High 
Quality 
Cavity
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The higher the  is, the lower the loss is, and the 
larger the number of photons are stored in a cavity.

Q

Quality Factor of Cavities

Q ⌘ 2⇡ ⇥ energy stored

energy dissipated per cycle
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High quality cavities have   
(depending on the resonant frequencies).

Q ≳ 107 ∼ 1014

Earth Ionosphere 
Q = 3

ADMX 
 Q ∼ 105

Quality Factor of Cavities

Phys. Rev. Lett. 127 (2021)
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Superconducting Radio-frequency Cavities

Superconducting radio frequency 
(SRF) cavity has a resonance 
frequency around  


, can store  photons 
with a field of peak amplitude

GHz (10μeV)

Q = 1010 1026

650 MHz cavities at Fermilab 

Epeak = 80MVm�1
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Review of Cavity Axion Searches

a quiet cavity + static B


signal  is a cavity mode, enhanced by .


tiny     large B desired, but large B may 
penetrate SRF cavity.
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Detector

B0

<latexit sha1_base64="7xbDijJGR03NuBCMN+AWnYraOVM=">AAABz3icbU/LSgNBEOyJrxhfUY9eFoPgKexKgh5DvHhMwDwgWcLMpBOHzMwuO7NKWFa8evSqn+HX+Ddu4h40saChqKqmu1gohbGu+0UKG5tb2zvF3dLe/sHhUfn4pGuCOOLY4YEMoj6jBqXQ2LHCSuyHEVLFJPbY7Hbh9x4xMiLQ93Yeoq/oVIuJ4NRmUm/IlNMcuaNyxa26SzjrxMtJBXK0RuXP4TjgsUJtuaTGDDw3tH5CIyu4xLQ0jA2GlM/oFAcZ1VSh8ZPlu6lzkSljZxJE2WjrLNXfGwlVxswVy5KK2gez6i3Efz2mVi7byY2fCB3GFjVPs5beaqd10r2qerVqvV2rNJp53yKcwTlcggfX0IA7aEEHOMzgDd7hg7TJE3kmLz/RAsl3TuEPyOs3GAWDHA==</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>
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static B    active cavity mode 


signal   2nd cavity mode


frequency matching: 


new DM axion search strategies

→ !0

<latexit sha1_base64="Ehb4etETttBgNkUYC4pTbKgF2J8=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe37/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2Xuj+M=</latexit>

!1

<latexit sha1_base64="63iwEJoi6GpaxV5Pq0C0ZSar0o0=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe0H/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2dvj+Q=</latexit>

=

Sikivie (2010), Berlin et. al (2019)

g aE1 ·B0

<latexit sha1_base64="+GgYX/Kswd/9iJUFwc2+xOKosfI=">AAACNHicbU9LS8NAGNzUV62vqEcvwSJ4KGGTptrcSkXwWME+oAlhs93G2GwSshuhhPwqwd/hVfAmXj161TRGsa0DC7Mz8327Y4eeyziEz0JpZXVtfaO8Wdna3tndE/cPeiyII0y6OPCCaGAjRjzXJ13uco8Mwogganukb08uZn7/nkTMDfwbPg2JSZHju2MXI55JlniXGPmSYeTYZgLlutrQdViDcrOuqbqeEeWsUVe11EmNmjQXVjIT5vglKZqlDJsml6mlSAYeBTy/tlMLWmL1JyctE6UgVVCgY4kPxijAMSU+xx5ibKjAkJsJiriLPZJWjJiREOEJcsgwoz6ihJlJ/sNUOsmUkTQOouz4XMrVvxMJooxNqZ0lKeK3bNGbif96Nl14mY+bZuL6YcyJj9OspbLYaZn0VFnR5Ma1Vm21i75lcASOwSlQwDlogSvQAV2AwRP4AJ8CEB6FF+FVePuOloRi5hDMQXj/Anh0o8E=</latexit>

Review of Cavity Axion Searches

14

Detector

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

!1 = !0 ± !a

<latexit sha1_base64="kQC2w/7ANFF2p6HuwjSvbDqtpxQ="></latexit>

!0

<latexit sha1_base64="Ehb4etETttBgNkUYC4pTbKgF2J8=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe37/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2Xuj+M=</latexit>
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LSW Axion Searches with SRF Cavities

2 active cavity modes to source axion in the emitter.


3rd active mode in the receiver, satisfying frequency matching. 

g aE1 ·B0

<latexit sha1_base64="+GgYX/Kswd/9iJUFwc2+xOKosfI=">AAACNHicbU9LS8NAGNzUV62vqEcvwSJ4KGGTptrcSkXwWME+oAlhs93G2GwSshuhhPwqwd/hVfAmXj161TRGsa0DC7Mz8327Y4eeyziEz0JpZXVtfaO8Wdna3tndE/cPeiyII0y6OPCCaGAjRjzXJ13uco8Mwogganukb08uZn7/nkTMDfwbPg2JSZHju2MXI55JlniXGPmSYeTYZgLlutrQdViDcrOuqbqeEeWsUVe11EmNmjQXVjIT5vglKZqlDJsml6mlSAYeBTy/tlMLWmL1JyctE6UgVVCgY4kPxijAMSU+xx5ibKjAkJsJiriLPZJWjJiREOEJcsgwoz6ihJlJ/sNUOsmUkTQOouz4XMrVvxMJooxNqZ0lKeK3bNGbif96Nl14mY+bZuL6YcyJj9OspbLYaZn0VFnR5Ma1Vm21i75lcASOwSlQwDlogSvQAV2AwRP4AJ8CEB6FF+FVePuOloRi5hDMQXj/Anh0o8E=</latexit>

!0

<latexit sha1_base64="Ehb4etETttBgNkUYC4pTbKgF2J8=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe37/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2Xuj+M=</latexit>

ReceiverEmitter

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

!1 = !0 ± !a

<latexit sha1_base64="kQC2w/7ANFF2p6HuwjSvbDqtpxQ="></latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

!a = !0 ± !1

<latexit sha1_base64="qy2DrwbrbkJ3DCV/ZW6M2Be5Btw=">AAACK3icbZDLSsNAFIYn9VbrLerSTbAILiRMakPbhVAUwWUFe4EmhMl0GkMzkzAzEUrIE4nPIuLK6tb3MKlZ2NYDM3z8//nnctwo8IWE8EMpra1vbG6Vtys7u3v7B+rhUU+EMceki8Mg5AMXCRL4jHSlLwMyiDhB1A1I353c5H7/iXDhh+xBTiNiU+Qxf+xjJDPJUW8Ta37IkHuunUC9BWvQbFxAHcJmy6znYJrwspVaISUeclB6VRC0Ilqg4ajVPJGXtgpGAVVQVMdRX61RiGNKmMQBEmJowEjaCeLSxwFJK1YsSITwBHlkmCFDlAg7mb801c4yZaSNQ54tJrW5+jeRICrElLpZJ0XyUSx7ufiv59Klm+W4aSc+i2JJGF70WMgpCgi1kzjb02wCxvJ/V6FX0426bt7Xq+3rYhZlcAJOwTkwQAO0wR3ogC7A4Bm8gRn4VF6Ud2WmfP22lpQicwwWSvn+ASXEpX0=</latexit>

!1

<latexit sha1_base64="63iwEJoi6GpaxV5Pq0C0ZSar0o0=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe0H/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2dvj+Q=</latexit>

!0

<latexit sha1_base64="Ehb4etETttBgNkUYC4pTbKgF2J8=">AAAB7HicbVDJSgNBEK2OW4xb1KOXwSB4CjMS0WPQi8cIZoFkCD2dSmzSy9DdI4QhPyHeold/x7N/4yTOwSQ+qOLxXhW1RLHg1vn+NylsbG5t7xR3S3v7B4dH5eOTltWJYdhkWmjTiahFwRU2HXcCO7FBKiOB7Wh8P/fbL2gs1+rJTWIMJR0pPuSMukzq9LTEEe37/XLFr/oLeOskyEkFcjT65a/eQLNEonJMUGu7gR+7MKXGcSZwWuolFmPKxnSE3YwqKtGG6WLfqXeRKQNvqE0WynkL9W9HSqW1ExlllZK6Z7vqzcV/vUiuTHbD2zDlKk4cKrbsKW0kFSjDNMnyNPtAsHrvOmldVYNa9fqxVqnf5b8owhmcwyUEcAN1eIAGNIGBgFeYwTtR5I3MyMdvaYHkPaewBPL5A2Xuj+M=</latexit>
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g aE1 ·B0

<latexit sha1_base64="+GgYX/Kswd/9iJUFwc2+xOKosfI=">AAACNHicbU9LS8NAGNzUV62vqEcvwSJ4KGGTptrcSkXwWME+oAlhs93G2GwSshuhhPwqwd/hVfAmXj161TRGsa0DC7Mz8327Y4eeyziEz0JpZXVtfaO8Wdna3tndE/cPeiyII0y6OPCCaGAjRjzXJ13uco8Mwogganukb08uZn7/nkTMDfwbPg2JSZHju2MXI55JlniXGPmSYeTYZgLlutrQdViDcrOuqbqeEeWsUVe11EmNmjQXVjIT5vglKZqlDJsml6mlSAYeBTy/tlMLWmL1JyctE6UgVVCgY4kPxijAMSU+xx5ibKjAkJsJiriLPZJWjJiREOEJcsgwoz6ihJlJ/sNUOsmUkTQOouz4XMrVvxMJooxNqZ0lKeK3bNGbif96Nl14mY+bZuL6YcyJj9OspbLYaZn0VFnR5Ma1Vm21i75lcASOwSlQwDlogSvQAV2AwRP4AJ8CEB6FF+FVePuOloRi5hDMQXj/Anh0o8E=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

Signal Field

E1?

<latexit sha1_base64="eSBFb71mA5XykeiTcEv6TS1QZp4=">AAACE3icbZDLSsNAFIYn9VbrLerSTbAILjRM2tRmZ1EElxXsBdoQJtNpDZ2ZhJmJUEKeQnwYcVfdimvfxjR2Yas/zPDx/+fM5fgRDaSC8EsrrKyurW8UN0tb2zu7e/r+QVuGscCkhUMaiq6PJKEBJy0VKEq6kSCI+ZR0/PH1LO88EiGDkN+rSURchkY8GAYYqczy9POknx/SEyPfTaBZqThVxz6Dpg2rF7CegQPrNcdObzzrMvX0MjRhLuMvWHMog7manv7ZH4Q4ZoQrTJGUPQtGyk2QUAGmJC31Y0kihMdoRHoZcsSIdJP8RalxkjkDYxiKbHFl5O7vjgQxKSfMzyoZUg9yOZuZ/2Y+W7pZDR03CXgUK8LxYsZDwRAlzE3ibJ9NwFr+719oV0zLNmt3drlxNZ9FERyBY3AKLFAHDXALmqAFMHgCL2AK3rRn7VWbau8/pQVt3nMIFqR9fAPbVJsl</latexit>

B0(E0)

<latexit sha1_base64="Zsi+x4QXSY4fwACGM3/OVnTG5gg=">AAAB9nicbVDLSsNAFL2pr1pfUZdugkWom5JIRZelIrisYB/QhjCZ3tahM5OQmRRL6J+Iu+rWP3Ht35jGLGzrgZl7OOdc7sz1Q86Utu1vo7CxubW9U9wt7e0fHB6ZxydtFcQRxRYNeBB1faKQM4ktzTTHbhghET7Hjj++W/idCUaKBfJJT0N0BRlJNmSU6FTyTLPvC6vh2ZVFvffsS88s21U7g7VOnJyUIUfTM7/6g4DGAqWmnCjVc+xQuwmJNKMcZ6V+rDAkdExG2EupJAKVm2Qvn1kXqTKwhkGUHqmtTP3bkRCh1FT4aVIQ/axWvYX4r+eLlcl6eOsmTIaxRkmXPRlEgnAUbhKn9yzdgLP633XSvqo6ter1Y61cb+S7KMIZnEMFHLiBOjxAE1pAYQKvMId348V4M+bGx2+0YOQ9p7AE4/MHhDOR/A==</latexit>

<latexit sha1_base64="sdvmH0OcooOeTwWlxn06M2zBENY="></latexit>

r⇥B = @tE�ga� (E ⇥ra�B@ta)
<latexit sha1_base64="pDeu3LWacSohcsYBqI2aIVsMzsA="></latexit>r ·B = 0

<latexit sha1_base64="g5A1Z8IE0jra6aZJh/iEAwP+Dc4="></latexit>

r⇥E = �@tB

<latexit sha1_base64="kInTSABYDbWXJig/eoaEDEovJ0g="></latexit>r ·E = �ga�B ·ra

Maxwell’s equations

(under natural unit)

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

ReceiverEmitter

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>
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g aE1 ·B0

<latexit sha1_base64="+GgYX/Kswd/9iJUFwc2+xOKosfI=">AAACNHicbU9LS8NAGNzUV62vqEcvwSJ4KGGTptrcSkXwWME+oAlhs93G2GwSshuhhPwqwd/hVfAmXj161TRGsa0DC7Mz8327Y4eeyziEz0JpZXVtfaO8Wdna3tndE/cPeiyII0y6OPCCaGAjRjzXJ13uco8Mwogganukb08uZn7/nkTMDfwbPg2JSZHju2MXI55JlniXGPmSYeTYZgLlutrQdViDcrOuqbqeEeWsUVe11EmNmjQXVjIT5vglKZqlDJsml6mlSAYeBTy/tlMLWmL1JyctE6UgVVCgY4kPxijAMSU+xx5ibKjAkJsJiriLPZJWjJiREOEJcsgwoz6ihJlJ/sNUOsmUkTQOouz4XMrVvxMJooxNqZ0lKeK3bNGbif96Nl14mY+bZuL6YcyJj9OspbLYaZn0VFnR5Ma1Vm21i75lcASOwSlQwDlogSvQAV2AwRP4AJ8CEB6FF+FVePuOloRi5hDMQXj/Anh0o8E=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

::::

<latexit sha1_base64="9As1jMzWvs2ii3k1v9kzKrGdEyc=">AAACJXicbVDLTsJAFJ36RHyhLt00EhMXhkylCKwkunGJiTwS2pDpcIGGzrTpTDGk6ecYP8YYN2jiyl9xwC4EPMlMTs65596Z6wSeKyTGX9ra+sbm1nZmJ7u7t39wmDs6bgo/Cik0qO/5YdshAjyXQ0O60oN2EAJhjgctZ3Q381tjCIXr80c5CcBmZMDdvkuJVFI3dxNb8yadcODYMS7gCsZl8xIXilXzGpcUqVZw0TATK3oiY4itoQgIBVVZoSxJkm4ur0Jz6KvESEkepah3c+9Wz6cRAy6pR4ToGDiQdkxC6VIPkqwVCVATRmQAHUU5YSDseP7GRD9XSk/v+6E6XOpz9W8iJkyICXNUJSNyKJa9mfiv57ClybJfsWOXB5EEThc97oeMeMDsOFL3bAPG8n9XSfOqYJiF0oOZr92mu8igU3SGLpCByqiG7lEdNRBFz+gVTdGH9qK9aVPt87d0TUszJ2gB2vcPApujZw==</latexit>

g

<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

:
:
:

<latexit sha1_base64="sJsgfgn2gJm1dtAkJVMUarz4wyE=">AAAB/HicbVDLSsNAFL3xWesrKrhxEyyCq5JIfSyLblxWsA9oQplMb9uhM5OQmVRKjB8j7qpbf8O1f2Nas7CtB+7lcM693Icfcqa0bX8bK6tr6xubha3i9s7u3r55cNhQQRxRrNOAB1HLJwo5k1jXTHNshRES4XNs+sO7qd8cYaRYIB/1OERPkL5kPUaJzqSOeezGT2SEiTtQIaGY2OUrKtK0Y5bssj2DtUycnJQgR61jfrndgMYCpaacKNV27FB7CYk0oxzTohsrzAYMSR/bGZVEoPKS2f6pdZYpXasXRFlIbc3Uvx0JEUqNhZ9VCqIHatGbiv96vliYrHs3XsJkGGuUdN6TQSQIR+ElcZanH3AW710mjYuyUylfPlRK1dv8FwU4gVM4BweuoQr3UIM6UHiGV5jAu/FivBkT4+O3dMXIe45gDsbnD8p1llQ=</latexit>

Signal Power

E1?

<latexit sha1_base64="eSBFb71mA5XykeiTcEv6TS1QZp4=">AAACE3icbZDLSsNAFIYn9VbrLerSTbAILjRM2tRmZ1EElxXsBdoQJtNpDZ2ZhJmJUEKeQnwYcVfdimvfxjR2Yas/zPDx/+fM5fgRDaSC8EsrrKyurW8UN0tb2zu7e/r+QVuGscCkhUMaiq6PJKEBJy0VKEq6kSCI+ZR0/PH1LO88EiGDkN+rSURchkY8GAYYqczy9POknx/SEyPfTaBZqThVxz6Dpg2rF7CegQPrNcdObzzrMvX0MjRhLuMvWHMog7manv7ZH4Q4ZoQrTJGUPQtGyk2QUAGmJC31Y0kihMdoRHoZcsSIdJP8RalxkjkDYxiKbHFl5O7vjgQxKSfMzyoZUg9yOZuZ/2Y+W7pZDR03CXgUK8LxYsZDwRAlzE3ibJ9NwFr+719oV0zLNmt3drlxNZ9FERyBY3AKLFAHDXALmqAFMHgCL2AK3rRn7VWbau8/pQVt3nMIFqR9fAPbVJsl</latexit>

Epeak

<latexit sha1_base64="/j4hEo5gcauqVp0Yg4sgE2zlrt4=">AAAB8HicbVDLSsNAFL2pr1pfVZdugkVwVRJp0WVRBJcV7AOaUCbT2zp0ZjLMTIQS+hvirrr1Z1z7N6Y1C9t64F4O59zLfUSKM2M979spbGxube8Ud0t7+weHR+Xjk7aJE02xRWMe625EDHImsWWZ5dhVGomIOHai8d3c77ygNiyWT3aiMBRkJNmQUWIzKbjvp4EWrkIynvbLFa/qLeCuEz8nFcjR7Je/gkFME4HSUk6M6fmesmFKtGWU47QUJAYVoWMywl5GJRFownSx89S9yJSBO4x1FtK6C/VvR0qEMRMRZZWC2Gez6s3Ff71IrEy2w5swZVIlFiVd9mSsBeEowjTJ8vwD/uq966R9VfVr1fpjrdK4zX9RhDM4h0vw4Roa8ABNaAEFBa8wg3dHO2/OzPn4LS04ec8pLMH5/AF+ppGv</latexit>

Epeak

<latexit sha1_base64="/j4hEo5gcauqVp0Yg4sgE2zlrt4=">AAAB8HicbVDLSsNAFL2pr1pfVZdugkVwVRJp0WVRBJcV7AOaUCbT2zp0ZjLMTIQS+hvirrr1Z1z7N6Y1C9t64F4O59zLfUSKM2M979spbGxube8Ud0t7+weHR+Xjk7aJE02xRWMe625EDHImsWWZ5dhVGomIOHai8d3c77ygNiyWT3aiMBRkJNmQUWIzKbjvp4EWrkIynvbLFa/qLeCuEz8nFcjR7Je/gkFME4HSUk6M6fmesmFKtGWU47QUJAYVoWMywl5GJRFownSx89S9yJSBO4x1FtK6C/VvR0qEMRMRZZWC2Gez6s3Ff71IrEy2w5swZVIlFiVd9mSsBeEowjTJ8vwD/uq966R9VfVr1fpjrdK4zX9RhDM4h0vw4Roa8ABNaAEFBa8wg3dHO2/OzPn4LS04ec8pLMH5/AF+ppGv</latexit>

Epeak
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<latexit sha1_base64="B0ldeMUlm0TcyoOsrUg1GwzKDaI=">AAAB9HicbY/LSsNAGIX/1Futt6hLN8EiiEjIxPTirujGZQV7gTaUyXQaQzOTkJkUSsg7+ADuxK0bwa2+hm9jGrPQ6oGBj3P+f2aOE/qekIbxqZRWVtfWN8qbla3tnd09df+gK4I4IrRDAj+I+g4W1Pc47UhP+rQfRhQzx6c9Z3q9yHszGgkv4HdyHlKbYZd7E49gmVkj9SwZ5pcMItexE0M3G5em2Tg39CaqI8vKAJn12kU9ddORWjV0I5f2F1ABVSjUHqmvw3FAYka5JD4WYoCMUNoJjqRHfJpWhrGgISZT7NJBhhwzKuwk/06qnWTOWJsEUXa41HL350aCmRBz5mSTDMt7sZwtzH8zhy29LCdNO/F4GEvKyaIlWu70F7qmjiy9dmtVW1dF3zIcwTGcAoIGtOAG2tABAg/wBu/wocyUR+VJef4eLSnFziH8kvLyBUZujnI=</latexit>
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<latexit sha1_base64="XbOWWSTsVEzLZO2qTjCGm/yrm4c=">AAACCHicbVBNS8NAEJ3Ur1q/oh69hBbBU01KRY9FETxWsB/QxLDZTuvS3U3IboQSchd/jHirXv0Dnv03prUHW30ww+O9eQwzQcSZ0rb9ZRRWVtfWN4qbpa3tnd09c/+grcIkptiiIQ/jbkAUciaxpZnm2I1iJCLg2AlGV1O/84ixYqG80+MIPUGGkg0YJTqXfLNMXMWENWxf+6kbCytCMsrua5aLmvip7WSnfd+s2FV7BusvceakAnM0ffPT7Yc0ESg15USpnmNH2ktJrBnlmJXcRGFE6IgMsZdTSQQqL53dklnHudK3BmGcl9TWTP2dSIlQaiyCfFIQ/aCWvan4rxeIpc16cOGlTEaJRkkXPRnGgnAUXprkPcs/4Czf+5e0a1WnXj27rVcal/NfFOEIynACDpxDA26gCS2g8AQvMIE349l4NSbG+89owZhnDmEBxsc3ELyaMA==</latexit>
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<latexit sha1_base64="/j4hEo5gcauqVp0Yg4sgE2zlrt4=">AAAB8HicbVDLSsNAFL2pr1pfVZdugkVwVRJp0WVRBJcV7AOaUCbT2zp0ZjLMTIQS+hvirrr1Z1z7N6Y1C9t64F4O59zLfUSKM2M979spbGxube8Ud0t7+weHR+Xjk7aJE02xRWMe625EDHImsWWZ5dhVGomIOHai8d3c77ygNiyWT3aiMBRkJNmQUWIzKbjvp4EWrkIynvbLFa/qLeCuEz8nFcjR7Je/gkFME4HSUk6M6fmesmFKtGWU47QUJAYVoWMywl5GJRFownSx89S9yJSBO4x1FtK6C/VvR0qEMRMRZZWC2Gez6s3Ff71IrEy2w5swZVIlFiVd9mSsBeEowjTJ8vwD/uq966R9VfVr1fpjrdK4zX9RhDM4h0vw4Roa8ABNaAEFBa8wg3dHO2/OzPn4LS04ec8pLMH5/AF+ppGv</latexit>

d

17

ReceiverEmitter



Christina Gao | Axion Searches with Two or More Cavities

Fundamental frequency: 650 
MHz


Quality factor 


 (or 0.26 
Tesla) for all active modes

Q = 1010

Epeak = 80 MVm−1

Experimental Setup

1.4K
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Axion Haloscope Experiments
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v ⇠ 10�3 ! Qa ⇠ 106

<latexit sha1_base64="dVOpmAwuasd9MA5YQQZa6xICkDk=">AAACC3icbZDLSsNAFIYn9VbrLerSTbAU3FgSrZdl0Y3LFuwFmhgm02k7dC5hZlIpIU8gPoy4q25du/ZtTGsE2/rDDD//dw6Hc4KQEqVt+8vIrayurW/kNwtb2zu7e+b+QVOJSCLcQIIK2Q6gwpRw3NBEU9wOJYYsoLgVDG+nvDXCUhHB7/U4xB6DfU56BEGdRr5ZGrmKMMuxH+LT88SVpD/QUErxaNV9+IsufbNol+2ZrGXjZKYIMtV889PtChQxzDWiUKmOY4fai6HUBFGcFNxI4RCiIezjTmo5ZFh58WydxCqlSdfqCZk+rq1Z+rcjhkypMQvSSgb1QC2yafgvC9jCZN279mLCw0hjjuYZF5JBipkXR+mfpBdwFvddNs2zslMpX9QrxepNdos8OALH4AQ44ApUwR2ogQZA4Am8gAl4M56NV2NivP+U5oys5xDMyfj4BuXLmyQ=</latexit>

DM       unknown


Signal bandwidth small


Requires high scan rate

https://cajohare.github.io/AxionLimits/

ma

<latexit sha1_base64="dgWsuQBgOtRmZHU1rrh11zTglJA=">AAAB53icbVDJTgJBEK3GDXFDPXqZSEw8kRmD0SPRi0eMIiQwIT1NgR16mXT3mJAJn2C8oVe/yLN/44BzEPAlVXl5ryq1RLHg1vn+NymsrW9sbhW3Szu7e/sH5cOjJ6sTw7DJtNCmHVGLgitsOu4EtmODVEYCW9Hodua3XtBYrtWjG8cYSjpUfMAZdZn0IHu0V674VX8Ob5UEOalAjkav/NXta5ZIVI4Jam0n8GMXptQ4zgROSt3EYkzZiA6xk1FFJdowna868c4ype8NtMlCOW+u/u1IqbR2LKOsUlL3bJe9mfivF8mlyW5wHaZcxYlDxRY9pY2kAmWYJlmeZB8Ilu9dJU8X1aBWvbyvVeo3+S+KcAKncA4BXEEd7qABTWAwhFeYwjvh5I1MycdvaYHkPcewAPL5A/bujeo=</latexit>
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Scan Rate for Axion DM
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<latexit sha1_base64="SNi/8a82DE7GEOvOq1qYHKXq7fU=">AAACInicbVDLSsNAFJ34rPUVdelmsAi6KYlUdOGi6MaV1EerYGKZTG/q0HmEmYlQQn5G/BhxI9WV4MeY1i60euBeDuecy+XeKOHMWM/7cKamZ2bn5ksL5cWl5ZVVd229ZVSqKTSp4krfRMQAZxKallkON4kGIiIO11HvZOhfP4A2TMkr208gFKQrWcwosYXUdo+CWBOadXCgBHRJXjCbB4lWiVUYBxxiuzOKYD8LtMCXZxd5oFn33u7e7bXdilf1RsB/iT8mFTRGo+2+Bh1FUwHSUk6MufW9xIYZ0ZZRDnk5SA0khPZIF24LKokAE2ajK3O8XSgdHCtdlLR4pP6cyIgwpi+iIimIvTeT3lD814vExGYbH4YZk0lqQdLfnlRaEA4izNKi58UH/Ml7/5LWXtWvVffPa5X68fgXJbSJttAO8tEBqqNT1EBNRNEjekYD9OY8OS/OwHn/jk4545kN9AvO5xeb7KUi</latexit>

To improve scan rate requires


Want larger signal rate


Want lower background noise

SNR =
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<latexit sha1_base64="GuzjGZrKJ4PUB6cPNN7UrQDdwgs=">AAACJXicbZBLS8NAEMc39VXrK+rRS7AInkoiFb2IpV48SX30AU0Im+22Lt3dxN2NUJZ8HPHDiHipgie/imkawVYHdvnP7z/DMBNElEhl259GYWFxaXmluFpaW9/Y3DK3d1oyjAXCTRTSUHQCKDElHDcVURR3IoEhCyhuB8OLid9+xEKSkN+pUYQ9Bgec9AmCKkW+ea5dwazbq5vkzO0LiHTDz4gkgyT5SYJhmrjyQSitpoRwlVh1Xya+WbYrdhbWX+HkogzyaPjmm9sLUcwwV4hCKbuOHSlPQ6EIojgpubHEEURDOMDdVHLIsPR0tmhiHaSkZ/VDkT6urIz+7tCQSTliQVrJoLqX894E/usFbG6y6p96mvAoVpijWY+HgkGKmafj9J9cwJnf969oHVWcauX4ulqu1fNbFMEe2AeHwAEnoAYuQQM0AQJP4AWMwbvxbLwaY+NjWlow8p5dMBPG1zdtmqfv</latexit>
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<latexit sha1_base64="5BSwW+fT6MVxuDXDD9t5H258hR4=">AAACN3icbZDNSsNAFIUn/tb6V3XpJlgERSxJUXQjlLpxWcGq0MQwGW/i0JlJmJkIMuS5xKdw7ULcVbe+gbFGsK0XZvg451wu94Ypo0o7zos1NT0zOzdfWaguLi2vrNbW1i9VkkkCXZKwRF6HWAGjArqaagbXqQTMQwZXYf/027+6B6loIi70Qwo+x7GgESVYF1JQO+8ExpPcDvtxfmJ7CYcYB67tMYj0jhdJTGy3uVeCgRszRPMbzE3/Is/33dyTNL7Tu+1ABbW603CGZU+CW0IdldUJas/ebUIyDkIThpXquU6qfYOlpoRBXvUyBSkmfRxDr0CBOSjfDFfP7e1CubWjRBZPaHuo/u0wmCv1wMMiybG+U+Pet/ivF/KxyTo69g0VaaZBkFFPJJJjBtw3WfHnxQXc8X0n4bLZcA8ah+cH9Va7vEUFbaIttINcdIRa6Ax1UBcR9Ihe0QC9W0/WmzWwPn6iU1bZs4FGyvr8Al/BrSQ=</latexit>
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 Entangled CavitiesM

 CavitiesMSqueezing

Described by input-output theory for 
driven cavity


 = linear networks that couple 
 cavities in parallel


Can add squeezed vacuum to the 
input
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<latexit sha1_base64="biMkM6dwTpnOKlolFmW4sBJuhJc=">AAACF3icbZDLSsNAFIYn9VbrLerSTbAIgliSUtFl0Y0rqdAbNDFMpid1aGYSMhOhDHkO8WHEXXUnLn0b05iFbf1hho//P4fDOV4UUCFN81srrayurW+UNytb2zu7e/r+QVeESUygQ8IgjPseFhBQDh1JZQD9KAbMvAB63vhmlveeIBY05G05icBheMSpTwmWmeXq1p3btgVlhu3HmBhW/awABQ8qR2WHDEY4VeN2mp5bqatXzZqZy1gGq4AqKtRy9U97GJKEAZckwEIMLDOSjsKxpCSAtGInAiJMxngEgww5ZiAcla+WGieZMzT8MM4el0bu/u1QmAkxYV5WybB8FIvZzPw389jCZOlfOYryKJHAyXzGw5jhAJijkuyfXcBa3HcZuvWa1ahd3DeqzeviFmV0hI7RKbLQJWqiW9RCHUTQM3pFU/SuvWhv2lT7+C0taUXPIZqT9vUDvyugjA==</latexit>



Christina Gao | Axion Searches with Two or More Cavities26

Squeezing
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PhaseΔ
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<latexit sha1_base64="JxUy9gi0BA+2eMKG2Pdr3cGlHmE=">AAAB+HicbVDLSsNAFL2pr1pfsS7dBIvgQkpSKroRim5cVrBtoA1hMp3UoTOTMDMRa8iviLvq1h9x7d+Y1ixs64F7OZxzL/cRxIwqbdvfRmltfWNzq7xd2dnd2z8wD6tdFSUSkw6OWCTdACnCqCAdTTUjbiwJ4gEjvWB8O/N7T0QqGokHPYmJx9FI0JBipHPJN6t913fOXb/hXQ9CibBFG75Zs+v2HNYqcQpSgwJt3/waDCOccCI0ZkipvmPH2kuR1BQzklUGiSIxwmM0Iv2cCsSJ8tL57pl1mitDK4xkHkJbc/VvR4q4UhMe5JUc6Ue17M3Ef72AL03W4ZWXUhEnmgi86IlIcsQI99Ikz1n+AWf53lXSbdSdZv3ivllr3RS/KMMxnMAZOHAJLbiDNnQAwzO8whTejRfjzZgaH7+lJaPoOYIFGJ8/gImTKQ==</latexit>
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E(t) ⇠ X1 cos(!t) +X2 sin(!t)

<latexit sha1_base64="11IIY5ZpI+T2YHLbcJUjTjrtIw8=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAILUpJSkWXRRFcVrAXaEKYTE/r0MxMyEyEEvoS4sOIu+pWcO3bOK0BbesPM/x8/zkczgmikEpl219GbmV1bX0jv1nY2t7Z3TP3D1pSJDGBJhGhiDsBlhBSDk1FVQidKAbMghDawfB6mrcfIZZU8Hs1isBjeMBpnxKsNPLNs5uSKruSMqvjOy4RsuQKBgNsqfJpx6/qhP8S3yzaFXsma9k4mSmiTA3f/HR7giQMuCIhlrLr2JHyUhwrSkIYF9xEQoTJEA+gqy3HDKSXzrYaWyea9Ky+iPXjyprRvx0pZlKOWKArGVYPcjGbwn+zgC1MVv1LL6U8ShRwMp9xETMcAvPSRP9jfQFncd9l06pWnFrl/K5WrF9lt8ijI3SMSshBF6iOblEDNRFBT+gFTdCb8Wy8GhPj/ac0Z2Q9h2hOxsc33KGdLg==</latexit>
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 Entangled CavitiesM

 CavitiesMSqueezing
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Entangled Cavities with Losses
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Conclusion

• With the axion-photon coupling, cavity based searches are sensitive to 
axion masses of 0.1 meV and below. 


• LSW search is broadband and can be done using two high Q SRF cavities.


• A network of entangled cavities can increase the scan rate of axion DM 
search, thus improving the search efficiency.


• Quantum technologies, such as squeezing and entanglement, can benefit 
new physics searches. 
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â(out)m = â(in)m +
p
�mâcav
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Susceptibility Matrix
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Squeezing
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Superconducting Radio-frequency Cavities

https://accelconf.web.cern.ch/srf2019/papers/mop031.pdf
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