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Let’s maximise quantum sensor phenomenology 
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New couplings New signatures
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Massive graviton dark matter
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Based on D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282



A lot of parameter space!
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A lot of parameter space!
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Scalar: dilaton 

Vector: dark photon 
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What about spin-2?
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Let’s consider a massive spin-2 ultra-light field

Massive gravity field theory
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Fierz-Pauli Lagrangian

Lorentz invariant massive spin-2 field

Lorentz violating massive spin-2 field
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Massive gravity field theory
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Let’s consider a massive spin-2 ultra-light field
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Express as irreducible fields:



Coupling to light and matter
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Non-relativistic limit

In all theories Only in Lorentz violating theories!
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Coupling to light and matter

Bends space-
time like 
gravitational 
waves!

Tensor modes Scalar modes

Modifies atomic 
energy levels 
just like scalar 
ULDM!
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All the possible couplings
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D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282

Matter couplings

Light couplings



All the possible couplings
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Matter couplings

Light couplings

Electron mass 
variation

Laser propagation 
delay

Fine structure 
variation

Atom propagation 
delay
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Three sensitivity channels in atom interferometers!
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<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="Oa2Zgphk9sYlugToYHQ46mj2SsI=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9EomXQxsIiovmA5Ah7m02yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93Z6xbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJ47zsVcqV+4tS9TqLIw9HcAyn4MElVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/zwONgQ==</latexit>

L/c
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="WAX3ZqZfOjOxJZhj7bdYNmHYK5M=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLEi2DNhYWEfIFyRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCo0+GHi8N8PMvCDmTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9mfvuRKs2kaJhJTP0IDwULGcHGSq1K4+zunPSLJbfszoH+Ei8jJchQ7xc/ewNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopOrHKAIVS2RIGzdWfEymOtJ5Ege2MsBnpZW8m/ud1ExNe+SkTcWKoIItFYcKRkWj2OhowRYnhE0swUczeisgIK0yMDahgQ/CWX/5LWpWyVy1X7y9KtessjjwcwTGcggeXUINbqEMTCDzAE7zAqyOdZ+fNeV+05pxs5hB+wfn4Bk/8jlI=</latexit>

2T � L/c

<latexit sha1_base64="0VwOQgCAX5P4eknFnohVSQB1vqA=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhBsjHci0TJoY2ERIZcEkiPsbfaSJXu7x+6eEI78BhsLRWz9QXb+GzfJFZr4YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHh00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1N/dYTVZpJ0TDjhAYxHggWMYKNlfzG+cMF6ZXKbsWdAS0TLydlyFHvlb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE90EGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNy4pXrVQfr8q12zyOAhzDCZyBB9dQg3uogw8EGDzDK7w5wnlx3p2PeeuKk88cwR84nz/eP44W</latexit>

T � L/c
<latexit sha1_base64="Dx8dUKS07+QTNbX2DE/y4Njv1S0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSIIQt0VqR6LXjx4qNBtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODptapopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqb+q0nqjSTomHGCQ1iPBAsYgQbK/mN84cL0iuV3Yo7A1omXk7KkKPeK311+5KkMRWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LBY6pDrLZsRN0apU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroJMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT9GG4C2+vEyalxWvWqk+XpVrt3kcBTiGEzgDD66hBvdQBx8IMHiGV3hzhPPivDsf89YVJ585gj9wPn8A2zGOFA==</latexit>

T + L/c
<latexit sha1_base64="5+M+AIacoaJEYky9u1GtryVJZ/w=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGyQuSEGYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprvLjwXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHq+FSj4BKbhhuBnVghDX2BbX9yN/fbT6g0j2TDTGPsh3QkecAZNVZ6rDQGxZJbdhcg68TLSAky1AfFr94wYkmI0jBBte56bmz6KVWGM4GzQi/RGFM2oSPsWippiLqfLi6dkQurDEkQKVvSkIX6eyKlodbT0LedITVjverNxf+8bmKCm37KZZwYlGy5KEgEMRGZv02GXCEzYmoJZYrbWwkbU0WZseEUbAje6svrpFUpe9Vy9eGqVLvN4sjDGZzDJXhwDTW4hzo0gUEAz/AKb87EeXHenY9la87JZk7hD5zPHyQojR8=</latexit>

2T

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="fmJim/6l1c2joOyRMFFi07i3Us8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB90X/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1r+jd0=</latexit>ri

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="i0yvkmXSTQoWC93Q/wVD2i9d5bM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRI9BPXiMYB6QrGF2MpsMmZ1dZnqVsOQ/vHhQxKv/4s2/cfI4aGJBQ1HVTXdXkEhh0HW/naXlldW19dxGfnNre2e3sLdfN3GqGa+xWMa6GVDDpVC8hgIlbyaa0yiQvBEMrsd+45FrI2J1j8OE+xHtKREKRtFKD7ojyClp33CJlOhOoeiW3AnIIvFmpAgzVDuFr3Y3ZmnEFTJJjWl5boJ+RjUKJvko304NTygb0B5vWapoxI2fTa4ekWOrdEkYa1sKyUT9PZHRyJhhFNjOiGLfzHtj8T+vlWJ46WdCJSlyxaaLwlQSjMk4AtIVmjOUQ0so08LeSlifasrQBpW3IXjzLy+S+lnJK5fKd+fFytUsjhwcwhGcgAcXUIFbqEINGGh4hld4c56cF+fd+Zi2LjmzmQP4A+fzB/6OkY4=</latexit>

ri +�r

<latexit sha1_base64="ZzscB+LsCcXzCo9sYavZ1dhlVHs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V2lpoQ9lsJu3SzSbuboRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Q2zThFP6YDySPOqLFSpxeiMJQ0++WKW3XnIKvEy0kFcjT65a9emLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EBdi2VNEbtT+b3TsmZVUISJcqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz0bU/4TLNDEq2WBRlgpiEzJ4nIVfIjBhbQpni9lbChlRRZmxEJRuCt/zyKmlfVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w+Tx4+v</latexit>

�T

Laser 
propagation 

delay
(tensor)

Atom 
propagation 

delay
(vector)

Electron 
energy level 
modification

(scalar)



Projected detection limits

14

Leading constraints on scalar mode 
come from ‘fifth force’ experiments

In this range, from lunar laser ranging  

<latexit sha1_base64="vkg7xBdDK/fn0o7jwxuC3ZcU9gM="></latexit>

�VNewt / (↵(0))2e�msr

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282

In absence of scalar mode, 
no constraints on vector 
and tensor modes!



15

Part of a global network!

Terrestrial very-long baseline atom interferometry workshop summary: arXiv: 2310.08183



Dark matter in the solar system

16

Based on J. Carlton, S. Gardner. (In progress)



Gravitational focusing of wave dark matter

17ULDM focused by the Sun

<latexit sha1_base64="i5twgzyroEtGbDmLY6WHNYgUgpk=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWBIp1Y1Q1IUboYJ9QBvDZDpph84kYWYilBBXbvwVNy4UcesvuPNvnKZZaOuBC4dz7uXee7yIUaks69uYm19YXFourBRX19Y3Ns2t7aYMY4FJA4csFG0PScJoQBqKKkbakSCIe4y0vOHF2G/dEyFpGNyqUUQcjvoB9SlGSkuuucfdpCs4vLxO4Rm0rbvkyK6kD5lGmqlrlqyylQHOEjsnJZCj7ppf3V6IY04ChRmSsmNbkXISJBTFjKTFbixJhPAQ9UlH0wBxIp0k+yOFB1rpQT8UugIFM/X3RIK4lCPu6U6O1EBOe2PxP68TK//USWgQxYoEeLLIjxlUIRyHAntUEKzYSBOEBdW3QjxAAmGloyvqEOzpl2dJ87hsV8vVm0qpdp7HUQC7YB8cAhucgBq4AnXQABg8gmfwCt6MJ+PFeDc+Jq1zRj6zA/7A+PwBmW6X5A==</latexit>

mDM = 10�14 eVUnder Schrödinger-Poisson formalism find 
analytic solutions to wave dark matter scattering 
analogous to Coulomb scattering

<latexit sha1_base64="yKP6NM5RHSBvcNzTUAgREK2LNf8="></latexit>

 (r, k) / 1F1(i⇠foc/2⇡, 1, ikr(1� k̂ · r̂))

Controlled by focusing parameter
<latexit sha1_base64="W41t+JhOjDuXrOFvMJDKLrg6yGE="></latexit>

⇠foc =
�dB

R⇤
=

�dB

1/GM�m2
DM

=
2⇡GM�mDM

vDM

<latexit sha1_base64="DO/xRVIOz/cGCWq/DeXfUP1dkOY=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KIVI9FLx4r2A9oQthst+3SzSbsbsQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzwoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR8WpJLRNYh7LXogV5UzQtmaa014iKY5CTrvh5Gbmdx+oVCwW9zpLqB/hkWBDRrA2UmBXvUcW5J6M0DAmU+RxjtzArjl1Zw60StyC1KBAK7C/vEFM0ogKTThWqu86ifZzLDUjnE4rXqpogskEj2jfUIEjqvx8fvwUnRplYLZLU0Kjufp7IseRUlkUms4I67Fa9mbif14/1cMrP2ciSTUVZLFomHKkYzRLAg2YpETzzBBMJDO3IjLGEhNt8qqYENzll1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAhk8wyu8WU/Wi/VufSxaS1YxU4U/sD5/ANWElEA=</latexit>

⇠foc ⌧ 1
<latexit sha1_base64="CLlVgluY2kGEssOb4/RaJnkCzY4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi1WXRjcsK9gFNCJPpJB06MwkzEzGE+ituXCji1g9x5984bbPQ1gMXDufcy733hCmjSjvOt1VZW9/Y3Kpu13Z29/YP7MOjnkoyiUkXJyyRgxApwqggXU01I4NUEsRDRvrh5Gbm9x+IVDQR9zpPic9RLGhEMdJGCuy690iDwpMcRgmeQi+OoRvYDafpzAFXiVuSBijRCewvb5TgjBOhMUNKDV0n1X6BpKaYkWnNyxRJEZ6gmAwNFYgT5Rfz46fw1Cgjs12aEhrO1d8TBeJK5Tw0nRzpsVr2ZuJ/3jDT0ZVfUJFmmgi8WBRlDOoEzpKAIyoJ1iw3BGFJza0Qj5FEWJu8aiYEd/nlVdI7b7qtZuvuotG+LuOogmNwAs6ACy5BG9yCDugCDHLwDF7Bm/VkvVjv1seitWKVM3XwB9bnD8ZDlDY=</latexit>

⇠foc � 1
<latexit sha1_base64="2XiPNt57ifEMgvhk5TmVuz01efY=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiQi1WXRjcsK9gFNCJPppB06k4SZiVhD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPOlHacb2tpeWV1bb20Ud7c2t7Ztff2WyrJJKFNkvBEdkKsKGcxbWqmOe2kkmIRctoOh9cTv31PpWJJfKdHKfUF7scsYgRrIwX2offAgtyTAkUJGSNPMYHcwK44VWcKtEjcglSgQCOwv7xeQjJBY004VqrrOqn2cyw1I5yOy16maIrJEPdp19AYC6r8fHr9GJ0YpWfWS1OxRlP190SOhVIjEZpOgfVAzXsT8T+vm+no0s9ZnGaaxmS2KMo40gmaRIF6TFKi+cgQTCQztyIywBITbQIrmxDc+ZcXSeus6taqtdvzSv2qiKMER3AMp+DCBdThBhrQBAKP8Ayv8GY9WS/Wu/Uxa12yipkD+APr8wetZpS7</latexit>

⇠foc ⇠ 1

No focusing Too focused Just right

Kim et al. (2112.05718), Budker et al. (2306.12477)
Widrow et al. (Astrophys.J.Lett. 416 1993)

JC, SG (in progress)



Sub-halo formation around celestial bodies

18

DM self-interactions can cause focused DM to slow 
down and become captured by celestial objects

Assume quartic self-interactions

  Where:

Relaxation time tracks sub-halo capture and 
growth process

<latexit sha1_base64="DgXWj6jPfN7K7EqN7iR4/DFoq8k=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxUJIKFcYKGFiQikQfUpNGjuu0Vu0k2E6lKurMwq+wMIAQK1/Axt/gthmgcCRLR+ecq+t7/JhRqSzry8gtLC4tr+RXC2vrG5tb5vZOQ0aJwKSOIxaJlo8kYTQkdUUVI61YEMR9Rpr+4HLiN4dESBqFd2oUE5ejXkgDipHSkmfuO0yHu8gh9wkdwmPupY7g8Opm3CmfBJ2yhzyzaJWsKeBfYmekCDLUPPPT6UY44SRUmCEp27YVKzdFQlHMyLjgJJLECA9Qj7Q1DREn0k2np4zhoVa6MIiEfqGCU/XnRIq4lCPu6yRHqi/nvYn4n9dOVHDupjSME0VCPFsUJAyqCE56gV0qCFZspAnCguq/QtxHAmGl2yvoEuz5k/+SRrlkV0qV29Ni9SKrIw/2wAE4AjY4A1VwDWqgDjB4AE/gBbwaj8az8Wa8z6I5I5vZBb9gfHwD0l+ZtQ==</latexit>

� ⌘ �m2
DM/f2

a

<latexit sha1_base64="jVypssVF9+DyU83mBCsXzPVXDuk=">AAACDXicbVC7TsMwFHXKq5RXgJHFUJCYqgRVhbGChbFI9CE1oXIcp7XqOJbtVKqi/AALv8LCAEKs7Gz8De5jgJYjWTo65x5d3xMIRpV2nG+rsLK6tr5R3Cxtbe/s7tn7By2VpBKTJk5YIjsBUoRRTpqaakY6QhIUB4y0g+HNxG+PiFQ04fd6LIgfoz6nEcVIG6lnn7Y8lQpFNPQiiXDmMZMNUZ5Vj3NvhKQY0Idqzy47FWcKuEzcOSmDORo9+8sLE5zGhGvMkFJd1xHaz5DUFDOSl7xUEYHwEPVJ11COYqL8bHpNDs+MEsIokeZxDafq70SGYqXGcWAmY6QHatGbiP953VRHV35GuUg14Xi2KEoZ1AmcVANDKgnWbGwIwpKav0I8QKYVbQosmRLcxZOXSeui4tYqtbtquX49r6MIjsAJOAcuuAR1cAsaoAkweATP4BW8WU/Wi/VufcxGC9Y8cwj+wPr8AcnPnAY=</latexit>

V � �

4!
'4

<latexit sha1_base64="JOFatnlSAK4+IGMStGG81wyKnOM="></latexit>

⌧rel ⌘
64m7

DMv2DM

�2⇢2DM

Budker et al. (2306.12477)

JC, SG (in progress)



Sub-halo formation around celestial bodies

19

DM self-interactions can cause focused DM to slow 
down and become captured by celestial objects

Assume quartic self-interactions

  Where:

Relaxation time tracks sub-halo capture and 
growth process

<latexit sha1_base64="DgXWj6jPfN7K7EqN7iR4/DFoq8k=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxUJIKFcYKGFiQikQfUpNGjuu0Vu0k2E6lKurMwq+wMIAQK1/Axt/gthmgcCRLR+ecq+t7/JhRqSzry8gtLC4tr+RXC2vrG5tb5vZOQ0aJwKSOIxaJlo8kYTQkdUUVI61YEMR9Rpr+4HLiN4dESBqFd2oUE5ejXkgDipHSkmfuO0yHu8gh9wkdwmPupY7g8Opm3CmfBJ2yhzyzaJWsKeBfYmekCDLUPPPT6UY44SRUmCEp27YVKzdFQlHMyLjgJJLECA9Qj7Q1DREn0k2np4zhoVa6MIiEfqGCU/XnRIq4lCPu6yRHqi/nvYn4n9dOVHDupjSME0VCPFsUJAyqCE56gV0qCFZspAnCguq/QtxHAmGl2yvoEuz5k/+SRrlkV0qV29Ni9SKrIw/2wAE4AjY4A1VwDWqgDjB4AE/gBbwaj8az8Wa8z6I5I5vZBb9gfHwD0l+ZtQ==</latexit>

� ⌘ �m2
DM/f2

a

<latexit sha1_base64="jVypssVF9+DyU83mBCsXzPVXDuk=">AAACDXicbVC7TsMwFHXKq5RXgJHFUJCYqgRVhbGChbFI9CE1oXIcp7XqOJbtVKqi/AALv8LCAEKs7Gz8De5jgJYjWTo65x5d3xMIRpV2nG+rsLK6tr5R3Cxtbe/s7tn7By2VpBKTJk5YIjsBUoRRTpqaakY6QhIUB4y0g+HNxG+PiFQ04fd6LIgfoz6nEcVIG6lnn7Y8lQpFNPQiiXDmMZMNUZ5Vj3NvhKQY0Idqzy47FWcKuEzcOSmDORo9+8sLE5zGhGvMkFJd1xHaz5DUFDOSl7xUEYHwEPVJ11COYqL8bHpNDs+MEsIokeZxDafq70SGYqXGcWAmY6QHatGbiP953VRHV35GuUg14Xi2KEoZ1AmcVANDKgnWbGwIwpKav0I8QKYVbQosmRLcxZOXSeui4tYqtbtquX49r6MIjsAJOAcuuAR1cAsaoAkweATP4BW8WU/Wi/VufcxGC9Y8cwj+wPr8AcnPnAY=</latexit>

V � �

4!
'4

<latexit sha1_base64="JOFatnlSAK4+IGMStGG81wyKnOM="></latexit>

⌧rel ⌘
64m7

DMv2DM

�2⇢2DM

Preliminary

Budker et al. (2306.12477)

JC, SG (in progress)



Sub-halo formation around celestial bodies

20

DM self-interactions can cause focused DM to slow 
down and become captured by celestial objects

Assume quartic self-interactions

  Where:

Relaxation time tracks sub-halo capture and 
growth process

<latexit sha1_base64="DgXWj6jPfN7K7EqN7iR4/DFoq8k=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxUJIKFcYKGFiQikQfUpNGjuu0Vu0k2E6lKurMwq+wMIAQK1/Axt/gthmgcCRLR+ecq+t7/JhRqSzry8gtLC4tr+RXC2vrG5tb5vZOQ0aJwKSOIxaJlo8kYTQkdUUVI61YEMR9Rpr+4HLiN4dESBqFd2oUE5ejXkgDipHSkmfuO0yHu8gh9wkdwmPupY7g8Opm3CmfBJ2yhzyzaJWsKeBfYmekCDLUPPPT6UY44SRUmCEp27YVKzdFQlHMyLjgJJLECA9Qj7Q1DREn0k2np4zhoVa6MIiEfqGCU/XnRIq4lCPu6yRHqi/nvYn4n9dOVHDupjSME0VCPFsUJAyqCE56gV0qCFZspAnCguq/QtxHAmGl2yvoEuz5k/+SRrlkV0qV29Ni9SKrIw/2wAE4AjY4A1VwDWqgDjB4AE/gBbwaj8az8Wa8z6I5I5vZBb9gfHwD0l+ZtQ==</latexit>

� ⌘ �m2
DM/f2

a

<latexit sha1_base64="jVypssVF9+DyU83mBCsXzPVXDuk=">AAACDXicbVC7TsMwFHXKq5RXgJHFUJCYqgRVhbGChbFI9CE1oXIcp7XqOJbtVKqi/AALv8LCAEKs7Gz8De5jgJYjWTo65x5d3xMIRpV2nG+rsLK6tr5R3Cxtbe/s7tn7By2VpBKTJk5YIjsBUoRRTpqaakY6QhIUB4y0g+HNxG+PiFQ04fd6LIgfoz6nEcVIG6lnn7Y8lQpFNPQiiXDmMZMNUZ5Vj3NvhKQY0Idqzy47FWcKuEzcOSmDORo9+8sLE5zGhGvMkFJd1xHaz5DUFDOSl7xUEYHwEPVJ11COYqL8bHpNDs+MEsIokeZxDafq70SGYqXGcWAmY6QHatGbiP953VRHV35GuUg14Xi2KEoZ1AmcVANDKgnWbGwIwpKav0I8QKYVbQosmRLcxZOXSeui4tYqtbtquX49r6MIjsAJOAcuuAR1cAsaoAkweATP4BW8WU/Wi/VufcxGC9Y8cwj+wPr8AcnPnAY=</latexit>

V � �

4!
'4

<latexit sha1_base64="JOFatnlSAK4+IGMStGG81wyKnOM="></latexit>

⌧rel ⌘
64m7

DMv2DM

�2⇢2DM

Preliminary

Budker et al. (2306.12477)

JC, SG (in progress)



Experimental signatures – over-densities
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Bound (gravitational atoms)Unbound (gravitational focusing)

Oscillating lighthouse effect of 
solar-focused dark matter density on Earth

<latexit sha1_base64="aKSF2IbvzNp/FU7k2i/5l3AubIU=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWBLR6kYo6sKNUME+oI1hMp20Q2eSMDMRSogrN/6KGxeKuPUX3Pk3TtMstPXAhcM593LvPV7EqFSW9W3MzM7NLywWlorLK6tr6+bGZkOGscCkjkMWipaHJGE0IHVFFSOtSBDEPUaa3uBi5DfviZA0DG7VMCIOR72A+hQjpSXX3OFu0hEcXl6n8Aza1l1yYB+nD5lGGqlrlqyylQFOEzsnJZCj5ppfnW6IY04ChRmSsm1bkXISJBTFjKTFTixJhPAA9Uhb0wBxIp0k+yOFe1rpQj8UugIFM/X3RIK4lEPu6U6OVF9OeiPxP68dK//USWgQxYoEeLzIjxlUIRyFArtUEKzYUBOEBdW3QtxHAmGloyvqEOzJl6dJ47BsV8qVm6NS9TyPowC2wS7YBzY4AVVwBWqgDjB4BM/gFbwZT8aL8W58jFtnjHxmC/yB8fkDmvyX5Q==</latexit>

mDM = 10�15 eV
<latexit sha1_base64="exctevDNoZrsCRRS3aSkONyJRik=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgxpL4qG6Eoi7cCBXsA9oYJtNpO3QmCTMToYS4duOvuHGhiFt/wJ1/4zTNQlsPXDiccy/33uOFjEplWd9Gbm5+YXEpv1xYWV1b3zA3txoyiAQmdRywQLQ8JAmjPqkrqhhphYIg7jHS9IYXY795T4SkgX+rRiFxOOr7tEcxUlpyzSJ3447g8PI6gWfQtu7iffugbB8eJw+pThqJa5asspUCzhI7IyWQoeaaX51ugCNOfIUZkrJtW6FyYiQUxYwkhU4kSYjwEPVJW1MfcSKdOP0lgbta6cJeIHT5Cqbq74kYcSlH3NOdHKmBnPbG4n9eO1K9Uyemfhgp4uPJol7EoArgOBjYpYJgxUaaICyovhXiARIIKx1fQYdgT788Sxo6ukq5cnNUqp5nceTBDiiCPWCDE1AFV6AG6gCDR/AMXsGb8WS8GO/Gx6Q1Z2Qz2+APjM8fec2Y0Q==</latexit>

mDM = 10�12.135 eV

Over-dense sub-halos form around the Sun and planets 
potentially overlapping

Preliminary Preliminary

JC, SG (in progress)



Experimental signatures – coherence time

22

Bound (gravitational atoms)Unbound (gravitational focusing)

ξfoc≈10
ξfoc≈1
ξfoc≈0.1
Unfocused DM
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f(v
)

In bound states, velocity becomes

Velocity dispersion narrows, coherence time increases 

<latexit sha1_base64="yLGnF7P2LalS/2eMmzCgLRnWLqE=">AAACCnicbVBNS8NAEN34bf2KevSyWgTxUBKR6kUoetCLoGKr0ISw2W506SYbdyeFEnL24l/x4kERr/4Cb/4bt20Ofj0YeLw3w8y8MBVcg+N8WmPjE5NT0zOzlbn5hcUle3mlpWWmKGtSKaS6DolmgiesCRwEu04VI3Eo2FXYPRr4Vz2mNJfJJfRT5sfkJuERpwSMFNjrvSDEB9jTdwpyL1KE5sengSc7Eor8ItguisCuOjVnCPyXuCWpohJngf3hdSTNYpYAFUTrtuuk4OdEAaeCFRUv0ywltEtuWNvQhMRM+/nwlQJvGqWDI6lMJYCH6veJnMRa9+PQdMYEbvVvbyD+57UziPb9nCdpBiyho0VRJjBIPMgFd7hiFETfEEIVN7diektMHmDSq5gQ3N8v/yWtnZpbr9XPd6uNwzKOGbSGNtAWctEeaqATdIaaiKJ79Iie0Yv1YD1Zr9bbqHXMKmdW0Q9Y718rxpqa</latexit>

vb =

r
GM�
R⇤

Dispersion tends to zero, 
coherence time tends to infinity

Preliminary

JC, SG (in progress)



Multi-axion halos and focusing

23
Solar onion with many overlapping halos

<latexit sha1_base64="RY68mwJril3zTJzBotR30Mp7Ehg="></latexit>

⇢DM =
X

i

⇢i =
X

i

1

2
m2

i f
2
i ✓

2
i

The string axiverse and other theories predict a spectrum 
of axion masses that could make up dark matter 

Each of these are a small subcomponent of the total 
dark matter, relaxing constraints on self-interactions and 
allowing many overlapping dense sub-halos to form! 

<latexit sha1_base64="cfVMiRO4v5IMKsuJr+T6Hze3qh8=">AAACC3icbZC7TsMwFIYdrqXcAowsViskppIgVBgrYOhYBL1ITVQ5rtNadZxgO0glCjMLr8LCAEKsvAAbb4ObZoCWX7L06T/n6Pj8XsSoVJb1bSwsLi2vrBbWiusbm1vb5s5uS4axwKSJQxaKjockYZSTpqKKkU4kCAo8Rtre6GJSb98RIWnIb9Q4Im6ABpz6FCOlrZ5ZcuStUIkjAti4vkwfMuraR1O7fp+6ac8sWxUrE5wHO4cyyNXomV9OP8RxQLjCDEnZta1IuQkSimJG0qITSxIhPEID0tXIUUCkm2S3pPBAO33oh0I/rmDm/p5IUCDlOPB0Z4DUUM7WJuZ/tW6s/DM3oTyKFeF4usiPGVQhnAQD+1QQrNhYA8KC6r9CPEQCYaXjK+oQ7NmT56F1XLGrlerVSbl2nsdRAPugBA6BDU5BDdRBAzQBBo/gGbyCN+PJeDHejY9p64KRz+yBPzI+fwA/LZsz</latexit> p
P
S
D

[1
/p

H
z
]

<latexit sha1_base64="njVDOxwBbZp0BP2okAXjxVdVp+A=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKR6rIoSJcV7APSUCbTSTt0ZhJnJkIaqr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7TxAzqrTjfFtLyyura+uFjeLm1vbOrr2331RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF5P/NYDkYpG4k6nMfE56gsaUoy0kbr2YdaRHN5Icp8QgdNHrzbyx1275JSdKeAicXNSAjnqXfur04twwonQmCGlPNeJtZ8hqSlmZFzsJIrECA9Rn3iGCsSJ8rPp9WN4YpQeDCNpSmg4VX9PZIgrlfLAdHKkB2rem4j/eV6iw0s/oyJOtPlttihMGNQRnEQBe1QSrFlqCMKSmlshHiCJsDaBFU0I7vzLi6R5VnYr5crteal6lcdRAEfgGJwCF1yAKqiBOmgADEbgGbyCN+vJerHerY9Z65KVzxyAP7A+fwDRB5V7</latexit>

Frequency [Hz]

Overlapping features 
to disentangle!

JC, SG (in progress)
Arvanitaki et al. (0905.4720)



Detection scenarios in space

24

Preliminary

Optimistic atom interferometry bounds

L1 L2

L4

L5

L3

Badurina et al. (2505.00781)

JC, SG (in progress)

AEDGE



Detection scenarios in space
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Preliminary

Optimistic atom interferometry bounds

L1 L2

L4

L5

L3

Badurina et al. (2505.00781)

JC, SG (in progress)

AEDGE



Summary

26

Upcoming quantum sensor experiments have an increasingly rich 
phenomenology of candidates and signatures to explore!

Spin-2 ULDM is naturally probed by atom interferometers through 
several different channels! Other GW/ULDM experiments may also 
detect other couplings not probed by atom interferometers.

Generic features of ULDM in the solar system may lead to new 
search strategies and motivate space-based quantum sensors. 
Results are even more promising in multi-DM scenarios!

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282
J. Carlton, S. Gardner. (In progress)



Back up

27



28

Mach-Zehnder 
interferometer 

Interferometer sequence

Image atom fringes 
and measure phase

Leading order phase depends 
on gravitational acceleration

<latexit sha1_base64="MdHeHbC+4mnpYdifBihkJL1HSvA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkSHUjFN24ESr0hU0Mk+mkHTqZhJmJUELd+CtuXCji1r9w5984abPQ1gMXDufcy733+DGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29towSgUkLRywSXR9JwignLUUVI91YEBT6jHT80VXmdx6IkDTiTTWOiRuiAacBxUhpyTMPnHhIPSdEaijC9OZuAi/gaNC8r3pm2apYU8BFYuekDHI0PPPL6Uc4CQlXmCEpe7YVKzdFQlHMyKTkJJLECI/QgPQ05Sgk0k2nH0zgsVb6MIiELq7gVP09kaJQynHo687sVDnvZeJ/Xi9RwbmbUh4ninA8WxQkDKoIZnHAPhUEKzbWBGFB9a0QD5FAWOnQSjoEe/7lRdKuVuxapXZ7Wq5f5nEUwSE4AifABmegDq5BA7QABo/gGbyCN+PJeDHejY9Za8HIZ/bBHxifP5p+llk=</latexit>

�MZ = kgT 2
“Mirror”

“Beam-splitter”

“Beam-splitter”



A classical ULDM field

29

Ultralight mass means a high occupation number

Can describe as a classical field

Frequency given by ULDM mass
 (with small velocity correction)

Badurina et al. arxiv: 2109.10965

<latexit sha1_base64="vwkifHI7x53ii55ULH0yPL4dbpw="></latexit>

'(t,x) ⇠ cos(!'t� k' · x)



30

photon coupling electron coupling

Badurina et al. arxiv: 2109.10965

Atoms in a scalar ULDM field

<latexit sha1_base64="gs0ytOLUlVciftVEDMwZhB62F/g=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUSkuiy6ceGign1AE8JkOmmHTiZhZlIIof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpAwKpVtfxtr6xubW9uVneru3v7BoXl03JVxKjDp4JjFoh8gSRjlpKOoYqSfCIKigJFeMLkt/N6UCElj/qiyhHgRGnEaUoyUlnyz5kZIjTFi+f3Md6dIJGPqm3W7Yc9hrRKnJHUo0fbNL3cY4zQiXGGGpBw4dqK8HAlFMSOzqptKkiA8QSMy0JSjiEgvn4efWWdaGVphLPTjypqrvzdyFEmZRYGeLKLKZa8Q//MGqQqvvZzyJFWE48WhMGWWiq2iCWtIBcGKZZogLKjOauExEggr3VdVl+Asf3mVdC8aTrPRfList27KOipwAqdwDg5cQQvuoA0dwJDBM7zCm/FkvBjvxsdidM0od2rwB8bnD0i+lTM=</latexit>

L'
<latexit sha1_base64="gs0ytOLUlVciftVEDMwZhB62F/g=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUSkuiy6ceGign1AE8JkOmmHTiZhZlIIof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpAwKpVtfxtr6xubW9uVneru3v7BoXl03JVxKjDp4JjFoh8gSRjlpKOoYqSfCIKigJFeMLkt/N6UCElj/qiyhHgRGnEaUoyUlnyz5kZIjTFi+f3Md6dIJGPqm3W7Yc9hrRKnJHUo0fbNL3cY4zQiXGGGpBw4dqK8HAlFMSOzqptKkiA8QSMy0JSjiEgvn4efWWdaGVphLPTjypqrvzdyFEmZRYGeLKLKZa8Q//MGqQqvvZzyJFWE48WhMGWWiq2iCWtIBcGKZZogLKjOauExEggr3VdVl+Asf3mVdC8aTrPRfList27KOipwAqdwDg5cQQvuoA0dwJDBM7zCm/FkvBjvxsdidM0od2rwB8bnD0i+lTM=</latexit>

L'

<latexit sha1_base64="A1e3xxp5DfM934s6JhJVEVkRrMs=">AAACDnicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Sh68ahgHpANoXfSSYbM7C4zvWJY8gVe/BUvHhTx6tmbf+Mk5uCroKGo6qa7K0qVtOT7H97U9Mzs3PzCYmFpeWV1rbi+UbVJZgRWRKISU4/AopIxVkiSwnpqEHSksBb1z0d+7QaNlUl8TYMUmxq6sexIAeSkVnEnbKMiCBONXeChlZqHN2DSntylfR6mOspvh3utYskv+2PwvySYkBKb4LJVfA/bicg0xiQUWNsI/JSaORiSQuGwEGYWUxB96GLD0Rg02mY+fmfId5zS5p3EuIqJj9XvEzloawc6cp0aqGd/eyPxP6+RUeekmcs4zQhj8bWokylOCR9lw9vSoCA1cASEke5WLnpgQJBLsOBCCH6//JdUD8rBUfno6rB0ejaJY4FtsW22ywJ2zE7ZBbtkFSbYHXtgT+zZu/cevRfv9at1ypvMbLIf8N4+AaEvm9o=</latexit>

�! ⇠ '(t,xxx)
<latexit sha1_base64="WJAxtm7bURJm0BWrixTJXf5YGPk=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF48V7Ac0oWw223bp7ibsTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5USq4Ac/7dkobm1vbO+Xdyt7+weGRe3zSNkmmKWvRRCS6GxHDBFesBRwE66aaERkJ1onG93O/M2Ha8EQ9wTRloSRDxQecErBS33WDmAkgOEhHHAeGy75b9WreAnid+AWpogLNvvsVxAnNJFNABTGm53sphDnRwKlgs0qQGZYSOiZD1rNUEclMmC8un+ELq8R4kGhbCvBC/T2RE2nMVEa2UxIYmVVvLv7n9TIY3IY5V2kGTNHlokEmMCR4HgOOuWYUxNQSQjW3t2I6IppQsGFVbAj+6svrpH1V8+u1+uN1tXFXxFFGZ+gcXSIf3aAGekBN1EIUTdAzekVvTu68OO/Ox7K15BQzp+gPnM8f9nWTPg==</latexit>

�� ⇠



<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡
<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="Oa2Zgphk9sYlugToYHQ46mj2SsI=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9EomXQxsIiovmA5Ah7m02yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93Z6xbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJ47zsVcqV+4tS9TqLIw9HcAyn4MElVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/zwONgQ==</latexit>

L/c
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="WAX3ZqZfOjOxJZhj7bdYNmHYK5M=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLEi2DNhYWEfIFyRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCo0+GHi8N8PMvCDmTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9mfvuRKs2kaJhJTP0IDwULGcHGSq1K4+zunPSLJbfszoH+Ei8jJchQ7xc/ewNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopOrHKAIVS2RIGzdWfEymOtJ5Ege2MsBnpZW8m/ud1ExNe+SkTcWKoIItFYcKRkWj2OhowRYnhE0swUczeisgIK0yMDahgQ/CWX/5LWpWyVy1X7y9KtessjjwcwTGcggeXUINbqEMTCDzAE7zAqyOdZ+fNeV+05pxs5hB+wfn4Bk/8jlI=</latexit>

2T � L/c

<latexit sha1_base64="0VwOQgCAX5P4eknFnohVSQB1vqA=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhBsjHci0TJoY2ERIZcEkiPsbfaSJXu7x+6eEI78BhsLRWz9QXb+GzfJFZr4YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHh00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1N/dYTVZpJ0TDjhAYxHggWMYKNlfzG+cMF6ZXKbsWdAS0TLydlyFHvlb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE90EGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNy4pXrVQfr8q12zyOAhzDCZyBB9dQg3uogw8EGDzDK7w5wnlx3p2PeeuKk88cwR84nz/eP44W</latexit>

T � L/c
<latexit sha1_base64="Dx8dUKS07+QTNbX2DE/y4Njv1S0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSIIQt0VqR6LXjx4qNBtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODptapopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqb+q0nqjSTomHGCQ1iPBAsYgQbK/mN84cL0iuV3Yo7A1omXk7KkKPeK311+5KkMRWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LBY6pDrLZsRN0apU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroJMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT9GG4C2+vEyalxWvWqk+XpVrt3kcBTiGEzgDD66hBvdQBx8IMHiGV3hzhPPivDsf89YVJ585gj9wPn8A2zGOFA==</latexit>

T + L/c
<latexit sha1_base64="5+M+AIacoaJEYky9u1GtryVJZ/w=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGyQuSEGYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprvLjwXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHq+FSj4BKbhhuBnVghDX2BbX9yN/fbT6g0j2TDTGPsh3QkecAZNVZ6rDQGxZJbdhcg68TLSAky1AfFr94wYkmI0jBBte56bmz6KVWGM4GzQi/RGFM2oSPsWippiLqfLi6dkQurDEkQKVvSkIX6eyKlodbT0LedITVjverNxf+8bmKCm37KZZwYlGy5KEgEMRGZv02GXCEzYmoJZYrbWwkbU0WZseEUbAje6svrpFUpe9Vy9eGqVLvN4sjDGZzDJXhwDTW4hzo0gUEAz/AKb87EeXHenY9la87JZk7hD5zPHyQojR8=</latexit>

2T

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="fmJim/6l1c2joOyRMFFi07i3Us8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB90X/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1r+jd0=</latexit>ri

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="i0yvkmXSTQoWC93Q/wVD2i9d5bM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRI9BPXiMYB6QrGF2MpsMmZ1dZnqVsOQ/vHhQxKv/4s2/cfI4aGJBQ1HVTXdXkEhh0HW/naXlldW19dxGfnNre2e3sLdfN3GqGa+xWMa6GVDDpVC8hgIlbyaa0yiQvBEMrsd+45FrI2J1j8OE+xHtKREKRtFKD7ojyClp33CJlOhOoeiW3AnIIvFmpAgzVDuFr3Y3ZmnEFTJJjWl5boJ+RjUKJvko304NTygb0B5vWapoxI2fTa4ekWOrdEkYa1sKyUT9PZHRyJhhFNjOiGLfzHtj8T+vlWJ46WdCJSlyxaaLwlQSjMk4AtIVmjOUQ0so08LeSlifasrQBpW3IXjzLy+S+lnJK5fKd+fFytUsjhwcwhGcgAcXUIFbqEINGGh4hld4c56cF+fd+Zi2LjmzmQP4A+fzB/6OkY4=</latexit>

ri +�r

31

<latexit sha1_base64="ZzscB+LsCcXzCo9sYavZ1dhlVHs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V2lpoQ9lsJu3SzSbuboRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Q2zThFP6YDySPOqLFSpxeiMJQ0++WKW3XnIKvEy0kFcjT65a9emLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EBdi2VNEbtT+b3TsmZVUISJcqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz0bU/4TLNDEq2WBRlgpiEzJ4nIVfIjBhbQpni9lbChlRRZmxEJRuCt/zyKmlfVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w+Tx4+v</latexit>

�T

Two sensitivity 
channels

<latexit sha1_base64="NN0yZ8NqzK5vmoUi2aSG5Wj3khg=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9VLx4r2A/oriWbnbahyWZJskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWqKDSp5FJ1QqKBsxiahhkOnUQBESGHdji6mfrtR1CayfjejBMIBBnErM8oMVZ68CPghvhSwID0rnrlilt1Z8DLxMtJBeVo9MpffiRpKiA2lBOtu56bmCAjyjDKYVLyUw0JoSMygK6lMRGgg2x29QSfWCXCfalsxQbP1N8TGRFaj0VoOwUxQ73oTcX/vG5q+pdBxuIkNRDT+aJ+yrGReBoBjpgCavjYEkIVs7diOiSKUGODKtkQvMWXl0nrrOrVqrW780r9Oo+jiI7QMTpFHrpAdXSLGqiJKFLoGb2iN+fJeXHenY95a8HJZw7RHzifP28Nknw=</latexit>

�!A
<latexit sha1_base64="GTWGqHSWmbdO7B+chEj1mqZa39Q=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT9hVRA449kplr+LN4C4TPydlyFHvlb66/ZimAqWhnGjd8b3EBBlRhlGOk2I31ZgQOiID7FgqiUAdZLODJ+6pVfpuFCtb0rgz9fdERoTWYxHaTkHMUC96U/E/r5Oa6CrImExSg5LOF0Upd03sTr93+0whNXxsCaGK2VtdOiSKUGMzKtoQ/MWXl0nzvOJXK9W7i3LtOo+jAMdwAmfgwyXU4Bbq0AAKAp7hFd4c5bw4787HvHXFyWeO4A+czx8KkZCV</latexit>

|ei

<latexit sha1_base64="l9qoEqA6MR5gFCckd1Qi52Csiq0=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT4OuInLAsVcqexVvBneZ+DkpQ456r/TV7cc0FSgN5UTrju8lJsiIMoxynBS7qcaE0BEZYMdSSQTqIJsdPHFPrdJ3o1jZksadqb8nMiK0HovQdgpihnrRm4r/eZ3URFdBxmSSGpR0vihKuWtid/q922cKqeFjSwhVzN7q0iFRhBqbUdGG4C++vEya5xW/WqneXZRr13kcBTiGEzgDHy6hBrdQhwZQEPAMr/DmKOfFeXc+5q0rTj5zBH/gfP4ADaeQlw==</latexit>
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