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Dark Monopoles
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SL(2,Z) Duality

duality, not a symmetry

Cardy and Rabinovici Nucl. Phys. B205 (1982) 1



Tiling the coupling plane 
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Neither Lorentz nor gauge invariant!
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Zwanziger: Two Potentials
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Lorentz invariant for Dirac charge quantization!

Linking Number

JT, Verhaaren hep-th/1809.05102
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SL(2,Z)
<latexit sha1_base64="ePHvsS2eFJiGeMgKk8URPW0ZyhA=">AAAB+nicdVDLSgMxFL3js9ZXq+7cBItQQcpMLbbdFd24cFHRPrAdSibNtKGZB0lGKWM/xY0LRdz6Je78GzOtgoqeEDiccy85OU7ImVSm+W7MzS8sLi2nVtKra+sbm5nsVlMGkSC0QQIeiLaDJeXMpw3FFKftUFDsOZy2nNFp4rduqJAs8K/UOKS2hwc+cxnBSku9TPbyPF88jLseVkPHQdeTg14mZxaso+QgTcxyqVLSpGpVq9YxsgrmFLnaDkxR72Xeuv2ARB71FeFYyo5lhsqOsVCMcDpJdyNJQ0xGeEA7mvrYo9KOp9EnaF8rfeQGQl9foan6fSPGnpRjz9GTSUT520vEv7xOpNyKHTM/jBT1yewhN+JIBSjpAfWZoETxsSaYCKazIjLEAhOl20rrEr5+iv4nzaIuqmBdlHK1k1kbkIJd2IM8WFCGGpxBHRpA4Bbu4RGejDvjwXg2Xmajc8bnzjb8gPH6AWEgk30=</latexit>

diagonal
<latexit sha1_base64="7jeCndFU1bB3RKNHQmSIDyT4oBw=">AAAB9XicdVDLSgMxFL3js9ZXfezcBIvgaphph7buim5cVrAPaMeSSdM2NJMZkoxShv6HGxeKuPVf3Pk3ZloFFT0QOJxzL7nnBDFnSjvOu7W0vLK6tp7byG9ube/sFvb2WypKJKFNEvFIdgKsKGeCNjXTnHZiSXEYcNoOJheZ376lUrFIXOtpTP0QjwQbMoK1kW7SngzRgOFRJDCf9QtFxz6rVUpeBTm241TdkpuRUtUre8g1SoZi/RDmaPQLb71BRJKQCk04VqrrOrH2Uyw1I5zO8r1E0RiTCR7RrqECh1T56fzqGToxygANI2me0Giuft9IcajUNAzMZIj1WP32MvEvr5voYc1PmYgTTQVZfDRMONIRyioweSUlmk+z4EQycysiYywx0aaovCnhKyn6n7RKtlu23SuvWD9ftAE5OIJjOAUXqlCHS2hAEwhIuIdHeLLurAfr2XpZjC5ZnzsH8APW6wd48JMx</latexit>

SL(2,Z)
<latexit sha1_base64="4xbj/k+UJ97sY0xbiuI0xhyckew=">AAAB+nicdVBLS0JBGP2uvcxeWu3aDElgEHLvVdR2UpsWLYzyQSoydxx1cO6DmbmF3PwpbVoU0bZf0q5/01wtqKgDA4dzvo/vzHECzqQyzXcjsbC4tLySXE2trW9sbqUz2w3ph4LQOvG5L1oOlpQzj9YVU5y2AkGx63DadMansd+8oUIy37tSk4B2XTz02IARrLTUS2cuz3P2UdRxsRo5DrqeHvbSWTN/XCnZxRIy86ZZtmwrJna5WCgiSysxstVdmKHWS791+j4JXeopwrGUbcsMVDfCQjHC6TTVCSUNMBnjIW1r6mGXym40iz5FB1rpo4Ev9PMUmqnfNyLsSjlxHT0ZR5S/vVj8y2uHalDpRswLQkU9Mj80CDlSPop7QH0mKFF8ogkmgumsiIywwETptlK6hK+fov9Jw85bhbx1UcxWT+ZtQBL2YB9yYEEZqnAGNagDgVu4h0d4Mu6MB+PZeJmPJozPnR34AeP1A1tKk3g=</latexit>

q g =
N

2
<latexit sha1_base64="VxskE93IVQy0z/dpBjELnafCxzE="></latexit>

qD gD =
ND

2
<latexit sha1_base64="yAfu423ymsTK2yq5HimZsyt9Jdk="></latexit>

q g + qD gD = q g + qD gD =
N +ND

2
<latexit sha1_base64="9ELlblCuEPsEVE0bGDmGKmfve6U="></latexit>

Lmix =
"

2
Fµ⌫F

µ⌫
D

<latexit sha1_base64="Fd8LzCNQEFmQLfizOUAdQH0uwPw="></latexit>



Dark Monopoles

JT, Chris Verhaaren hep-th/1808.09459 

Jµ = Jµ
<latexit sha1_base64="nKd6M4wR4HWwC8k648Ru4w4cVzM=">AAACAnicdVDLSgMxFL3js9bX+NiIm2ARXJWZtmi7EIpupKsK9gGdUjJp2oZmHiQZoQzFjb/ixoUibv0Kd/6NmWkFFT0QcjjnHpJ73JAzqSzrw1hYXFpeWc2sZdc3Nre2zZ3dpgwiQWiDBDwQbRdLyplPG4opTtuhoNhzOW2548vEb91SIVng36hJSLseHvpswAhWWuqZB7ETaD+Jo9q053gROke15O6ZOStvlSqV8inSJIUmZbtUsIvIniu56j6kqPfMd6cfkMijviIcS9mxrVB1YywUI5xOs04kaYjJGA9pR1Mfe1R243SFKTrWSh8NAqGPr1Cqfk/E2JNy4rl60sNqJH97ifiX14nUoNyNmR9Givpk9tAg4kgFKOkD9ZmgRPGJJpgIpv+KyAgLTJRuLatL+NoU/U+ahbxdzNvXpVz1YtYGZOAQjuAEbDiDKlxBHRpA4A4e4AmejXvj0XgxXmejC8Y8swc/YLx9AjHSl1Y=</latexit>

KDµ = KDµ
<latexit sha1_base64="nRmNcUpm3Nv2MUVpLkOj7qI3MVE=">AAACCHicdVC7SgNBFL0bXzG+1kdn4WAQrMJuEjQphKAWQpoI5gFJCLOTSTJk9sHMrBCWlDb+io2FIrZ+gp1/4+wmgooeGDiccw937nECzqSyrA8jtbC4tLySXs2srW9sbpnbOw3ph4LQOvG5L1oOlpQzj9YVU5y2AkGx63DadMYXsd+8pUIy37tRk4B2XTz02IARrLTUMw+ijq/9OI6q01502XHDKTpD1TntmVkrZxXL5dIJ0iSBJiW7mLcLyJ4r2coeJKj1zPdO3yehSz1FOJaybVuB6kZYKEY4nWY6oaQBJmM8pG1NPexS2Y2SQ6boSCt9NPCFfp5Cifo9EWFXyonr6EkXq5H87cXiX147VINSN2JeECrqkdmiQciR8lHcCuozQYniE00wEUz/FZERFpgo3V1Gl/B1KfqfNPI5u5Czr4vZyvmsDUjDPhzCMdhwChW4ghrUgcAdPMATPBv3xqPxYrzORlPGPLMLP2C8fQIRn5oM</latexit>

Kµ = Kµ � "e

eD
KDµ

<latexit sha1_base64="IUS6WyhxG4BIb1gzx8PJrb3bG2k="></latexit>

LSM(Aµ, Bµ)
<latexit sha1_base64="fv4aTGTx+TjX3/u9Qrvtg/i4Lro="></latexit>

LD(ADµ, BDµ)
<latexit sha1_base64="EBrC0oZ7YLxRUPEwBpW+O+vbNwo="></latexit>

Jµ
D, Kµ

D
<latexit sha1_base64="39ZVhfNqAZnsM9+5H7RpPHmHmQA=">AAACA3icdVDJSgNBEK1xjXGLy0kvjUHwIGFGg0luQT2IXiKYBTJj6On0JE16Frp7hDAEvPgrXjwo4tWf8Obf2JkoqOgrGl69qqK6nhtxJpVpvhtT0zOzc/OZhezi0vLKam5tvSHDWBBaJyEPRcvFknIW0LpiitNWJCj2XU6b7uBkXG/eUCFZGFypYUQdH/cC5jGClZY6ua3zTnI6urb9eN/WgS7SNNH5qJPLmwXrcBxIE7NULBc1qViVinWErIKZIl/dhBS1Tu7N7oYk9mmgCMdSti0zUk6ChWKE01HWjiWNMBngHm1rGmCfSidJbxihXa10kRcK/QKFUvX7RIJ9KYe+qzt9rPryd20s/lVrx8orOwkLoljRgEwWeTFHKkRjQ1CXCUoUH2qCiWD6r4j0scBEaduy2oSvS9H/pHGgjSpYl8V89XjiBmRgG3ZgDywoQRXOoAZ1IHAL9/AIT8ad8WA8Gy+T1injc2YDfsB4/QC4jJek</latexit>

Jµ, Kµ
<latexit sha1_base64="6EPWvLR7Iopvbl7i7KClYpux9yU=">AAAB+3icdVDLSgMxFL1TX7W+xurOTbAILqTMaLHtruhGdFPBPqAvMmnahmYyQ5IRyzC/4saFIm79EXf+jWmroKLnEjiccy/35nghZ0o7zruVWlhcWl5Jr2bW1jc2t+ztbF0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vh86jduqVQsEDd6EtKOj4eCDRjB2kg9O3vZbfvRUdsUuurGhic9O+fk3ZNpIUOcYqFUMKTslsvuKXLzzgy5yi7MUO3Zb+1+QCKfCk04VqrlOqHuxFhqRjhNMu1I0RCTMR7SlqEC+1R14tntCTowSh8NAmme0Gimfp+Isa/UxPdMp4/1SP32puJfXivSg1InZiKMNBVkvmgQcaQDNA0C9ZmkRPOJIZhIZm5FZIQlJtrElTEhfP0U/U/qxyaovHtdyFXO5mlAGvZgHw7BhSJU4AKqUAMCd3APj/BkJdaD9Wy9zFtT1ufMDvyA9foBcZeUHg==</latexit>

SL(2,Z)
<latexit sha1_base64="ePHvsS2eFJiGeMgKk8URPW0ZyhA=">AAAB+nicdVDLSgMxFL3js9ZXq+7cBItQQcpMLbbdFd24cFHRPrAdSibNtKGZB0lGKWM/xY0LRdz6Je78GzOtgoqeEDiccy85OU7ImVSm+W7MzS8sLi2nVtKra+sbm5nsVlMGkSC0QQIeiLaDJeXMpw3FFKftUFDsOZy2nNFp4rduqJAs8K/UOKS2hwc+cxnBSku9TPbyPF88jLseVkPHQdeTg14mZxaso+QgTcxyqVLSpGpVq9YxsgrmFLnaDkxR72Xeuv2ARB71FeFYyo5lhsqOsVCMcDpJdyNJQ0xGeEA7mvrYo9KOp9EnaF8rfeQGQl9foan6fSPGnpRjz9GTSUT520vEv7xOpNyKHTM/jBT1yewhN+JIBSjpAfWZoETxsSaYCKazIjLEAhOl20rrEr5+iv4nzaIuqmBdlHK1k1kbkIJd2IM8WFCGGpxBHRpA4Bbu4RGejDvjwXg2Xmajc8bnzjb8gPH6AWEgk30=</latexit>

SL(2,Z)
<latexit sha1_base64="ePHvsS2eFJiGeMgKk8URPW0ZyhA=">AAAB+nicdVDLSgMxFL3js9ZXq+7cBItQQcpMLbbdFd24cFHRPrAdSibNtKGZB0lGKWM/xY0LRdz6Je78GzOtgoqeEDiccy85OU7ImVSm+W7MzS8sLi2nVtKra+sbm5nsVlMGkSC0QQIeiLaDJeXMpw3FFKftUFDsOZy2nNFp4rduqJAs8K/UOKS2hwc+cxnBSku9TPbyPF88jLseVkPHQdeTg14mZxaso+QgTcxyqVLSpGpVq9YxsgrmFLnaDkxR72Xeuv2ARB71FeFYyo5lhsqOsVCMcDpJdyNJQ0xGeEA7mvrYo9KOp9EnaF8rfeQGQl9foan6fSPGnpRjz9GTSUT520vEv7xOpNyKHTM/jBT1yewhN+JIBSjpAfWZoETxsSaYCKazIjLEAhOl20rrEr5+iv4nzaIuqmBdlHK1k1kbkIJd2IM8WFCGGpxBHRpA4Bbu4RGejDvjwXg2Xmajc8bnzjb8gPH6AWEgk30=</latexit>

q g =
N

2
<latexit sha1_base64="VxskE93IVQy0z/dpBjELnafCxzE="></latexit>

qD gD =
ND

2
<latexit sha1_base64="yAfu423ymsTK2yq5HimZsyt9Jdk="></latexit>

q g = q g � "e

eD
q gD

<latexit sha1_base64="wGmwrBqFcjT/AF34Ik6zwB2L8z0="></latexit>

L � 1

mD
:

<latexit sha1_base64="zzTQTW8Gyfi9bwWnZRTFJCQCht0="></latexit>

�L =
"

2
Fµ⌫F

µ⌫
D +

m2
D

2
ADµA

µ
D

<latexit sha1_base64="xklTFafyQkstdv13qaIff+Cpnjw="></latexit>

JDµ = JDµ +
"e

eD
Jµ

<latexit sha1_base64="tYW27J21j1x89XMgaYuFEGx9tO8="></latexit>



mH =
p
2

2
+ b v

2
mr

<latexit sha1_base64="1LBK+3tz480+COMNRsaG7opJ1uM="></latexit>

E / v4/3

m1/3
<latexit sha1_base64="f48RGLfh3rmBG+pI5rNXNZwEJSA="></latexit>

mE /
�
v2m

�2/3
<latexit sha1_base64="4xA+rkR0Lypo2gqAYzgn9nPXk1s="></latexit>

Confined Quirk Spectrum

hri / 1

v2/3m1/3
<latexit sha1_base64="PIR/Chfbo7o6FTGwRUp4MKnBF8o="></latexit>



Confined Quirk Spectrum

m ⇠ 1 keV
<latexit sha1_base64="WFZGM0xbvNlkBLddfRlkrZm1fCU=">AAAB/HicdVDLSgMxFL1TX7W+qnXnJlgEF1JmtNh2V3Chywr2AZ2hZNK0DU1mhiQjDEP9FTcuFHHrh7jzb8y0Cip6LhcO59xLbo4fcaa0bb9buaXlldW1/HphY3Nre6e4u9dRYSwJbZOQh7LnY0U5C2hbM81pL5IUC5/Trj+9yPzuLZWKhcGNTiLqCTwO2IgRrI00KJYEchUTyHFPUlcKNKWd2aBYtivOWVbIELtWrVcNaTiNhnOOnIo9R7m5D3O0BsU3dxiSWNBAE46V6jt2pL0US80Ip7OCGysaYTLFY9o3NMCCKi+dHz9DR0YZolEoTQcazdXvGykWSiXCN5MC64n67WXiX14/1qO6l7IgijUNyOKhUcyRDlGWBBoySYnmiSGYSGZuRWSCJSba5FUwIXz9FP1POqcmqIpzXS03LxdpQB4O4BCOwYEaNOEKWtAGAgncwyM8WXfWg/VsvSxGc9bnTgl+wHr9ADV7lJA=</latexit>

mD ⇠ 1 eV
<latexit sha1_base64="IzOzV+vvKr7AsbOixh0of0LSrA8=">AAAB/XicdVDLSgMxFL1TX7W+Ru3OTbAILqTMaLHtrqCgywr2AZ2hZNK0DU1mhiQj1KH4K25cKOLW/3Dn35i2Cip6LhcO59xLbk4Qc6a047xbmYXFpeWV7GpubX1jc8ve3mmqKJGENkjEI9kOsKKchbShmea0HUuKRcBpKxidTf3WDZWKReG1HsfUF3gQsj4jWBupa+dF9xx5ignkekepJwWizUnXLjhF92RayBCnXKqUDKm61ap7ityiM0OhlocZ6l37zetFJBE01IRjpTquE2s/xVIzwukk5yWKxpiM8IB2DA2xoMpPZ9dP0IFReqgfSdOhRjP1+0aKhVJjEZhJgfVQ/fam4l9eJ9H9ip+yME40Dcn8oX7CkY7QNArUY5ISzceGYCKZuRWRIZaYaBNYzoTw9VP0P2kem6CK7lWpULuYpwFZ2IN9OAQXylCDS6hDAwjcwj08wpN1Zz1Yz9bLfDRjfe7swg9Yrx+1bJTS</latexit>

eD = 0.3
<latexit sha1_base64="TSfGGghmPdDdNo4FRcTewyfunCw="></latexit>

E / m4/3
D

e4/3D m1/3
⇠ 1 eV

<latexit sha1_base64="UTSUdNc+ig0IdZES57L+Q01QcaE="></latexit>

hri / e2/3D

m2/3
D m1/3

⇠ 7 nm

<latexit sha1_base64="OLG7Sl8oucbyS/7jHov3xNeoSiI="></latexit>

1011

m2 s
<latexit sha1_base64="lRq8KLKfOKipcZqRzK0Z84Mm90s="></latexit>

flux:



2p <-> 1s Transitions

� ⇠ |"hri|2E3 ⇠ 10�111/s
<latexit sha1_base64="xfHzpjv9Or4PIGvY7vNsQX/dyvA="></latexit>

E / m4/3
D

e4/3D m1/3
⇠ 1 eV

<latexit sha1_base64="UTSUdNc+ig0IdZES57L+Q01QcaE="></latexit>



2p <-> 1s Transitions

� ⇠ |"hri|2E3 ⇠ 10�111/s
<latexit sha1_base64="xfHzpjv9Or4PIGvY7vNsQX/dyvA="></latexit>

photon absorption cross section

� ⇠ �2 ��(! ��E)
<latexit sha1_base64="TsjgSi6kEUGUV58da8K9WmZkd7Q="></latexit>

1 in 108 get excited near Sun

flux:
10 excited DM

µm2 day
<latexit sha1_base64="enNqw3SLaC4hmtJjEqZSPVq7boU="></latexit>

E / m4/3
D

e4/3D m1/3
⇠ 1 eV

<latexit sha1_base64="UTSUdNc+ig0IdZES57L+Q01QcaE="></latexit>



Aharonov-Bohm Experiment

a � 1

mD
<latexit sha1_base64="/UAx6Y37E8Csr3L7nW0OuSNBFYs="></latexit>



Aharonov-Bohm Experiment

a � 1

mD
<latexit sha1_base64="/UAx6Y37E8Csr3L7nW0OuSNBFYs="></latexit>

10

3000

20000



figure of merit:


current best AB: 


LIGO:

� = 10�3
<latexit sha1_base64="oBTeXTM3RfjxozGwuSdJp1tFw7o=">AAAB83icdVDJSgNBEK2JW4xbXG5eGoPgxWFmMiTxIAQ86DGCWSCJoafTkzTpWejuEcKQ3/DiQRGv/ow3/8aeREFFHxQ83quiqp4XcyaVZb0buaXlldW1/HphY3Nre6e4u9eSUSIIbZKIR6LjYUk5C2lTMcVpJxYUBx6nbW9ykfntOyoki8IbNY1pP8CjkPmMYKWlXq8xZue2dZuelmeDYskyz2oVx60gy7Ssqu3YGXGqbtlFtlYylOoHMEdjUHzrDSOSBDRUhGMpu7YVq36KhWKE01mhl0gaYzLBI9rVNMQBlf10fvMMHWtliPxI6AoVmqvfJ1IcSDkNPN0ZYDWWv71M/MvrJsqv9VMWxomiIVks8hOOVISyANCQCUoUn2qCiWD6VkTGWGCidEwFHcLXp+h/0nJMu2za126pfrlIA/JwCEdwAjZUoQ5X0IAmEIjhHh7hyUiMB+PZeFm05ozPmX34AeP1A3mykWE=</latexit>

� = 10�11
<latexit sha1_base64="IFtRBKDC7i5MgOt5JSNzKJFg9j0=">AAAB9HicdVDJSgNBEK2JW4xbXG5eGoPgxTCdhCQehIAHPUYwCyRj6Ol0kiY9i909gTDkO7x4UMSrH+PNv7EnUVDRBwWP96qoqueGgitt2+9Waml5ZXUtvZ7Z2Nza3snu7jVVEEnKGjQQgWy7RDHBfdbQXAvWDiUjnitYyx1fJH5rwqTigX+jpyFzPDL0+YBToo3kdOsjfo7t2/gU41kvm7PzZ9VyoVRGdt62K7iAE1KolIolhI2SIFc7gDnqvexbtx/QyGO+poIo1cF2qJ2YSM2pYLNMN1IsJHRMhqxjqE88ppx4fvQMHRuljwaBNOVrNFe/T8TEU2rquabTI3qkfnuJ+JfXifSg6sTcDyPNfLpYNIgE0gFKEkB9LhnVYmoIoZKbWxEdEUmoNjllTAhfn6L/SbOQx8U8vi7lapeLNCANh3AEJ4ChAjW4gjo0gMId3MMjPFkT68F6tl4WrSnrc2YffsB6/QDpaZGa</latexit>

� = 5 · 10�9

<latexit sha1_base64="LpobbxGpxuAP1frRvUBbiFQE2EM="></latexit>

Aharonov-Bohm Detection



figure of merit:


current best AB: 


LIGO:
new electron microscopes:

        20 ns pulses, pm resolution with 108 e’s 

        100 fs pulses, Å resolution with 1-2 e’s

       

Zewail Ann. Rev. Phys. Chem 57 (2006) 65

� = 10�3
<latexit sha1_base64="oBTeXTM3RfjxozGwuSdJp1tFw7o=">AAAB83icdVDJSgNBEK2JW4xbXG5eGoPgxWFmMiTxIAQ86DGCWSCJoafTkzTpWejuEcKQ3/DiQRGv/ow3/8aeREFFHxQ83quiqp4XcyaVZb0buaXlldW1/HphY3Nre6e4u9eSUSIIbZKIR6LjYUk5C2lTMcVpJxYUBx6nbW9ykfntOyoki8IbNY1pP8CjkPmMYKWlXq8xZue2dZuelmeDYskyz2oVx60gy7Ssqu3YGXGqbtlFtlYylOoHMEdjUHzrDSOSBDRUhGMpu7YVq36KhWKE01mhl0gaYzLBI9rVNMQBlf10fvMMHWtliPxI6AoVmqvfJ1IcSDkNPN0ZYDWWv71M/MvrJsqv9VMWxomiIVks8hOOVISyANCQCUoUn2qCiWD6VkTGWGCidEwFHcLXp+h/0nJMu2za126pfrlIA/JwCEdwAjZUoQ5X0IAmEIjhHh7hyUiMB+PZeFm05ozPmX34AeP1A3mykWE=</latexit>

� = 10�11
<latexit sha1_base64="IFtRBKDC7i5MgOt5JSNzKJFg9j0=">AAAB9HicdVDJSgNBEK2JW4xbXG5eGoPgxTCdhCQehIAHPUYwCyRj6Ol0kiY9i909gTDkO7x4UMSrH+PNv7EnUVDRBwWP96qoqueGgitt2+9Waml5ZXUtvZ7Z2Nza3snu7jVVEEnKGjQQgWy7RDHBfdbQXAvWDiUjnitYyx1fJH5rwqTigX+jpyFzPDL0+YBToo3kdOsjfo7t2/gU41kvm7PzZ9VyoVRGdt62K7iAE1KolIolhI2SIFc7gDnqvexbtx/QyGO+poIo1cF2qJ2YSM2pYLNMN1IsJHRMhqxjqE88ppx4fvQMHRuljwaBNOVrNFe/T8TEU2rquabTI3qkfnuJ+JfXifSg6sTcDyPNfLpYNIgE0gFKEkB9LhnVYmoIoZKbWxEdEUmoNjllTAhfn6L/SbOQx8U8vi7lapeLNCANh3AEJ4ChAjW4gjo0gMId3MMjPFkT68F6tl4WrSnrc2YffsB6/QDpaZGa</latexit>
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Aharonov-Bohm Detection



Quirky Dark Monopoles:


can have perturbative couplings, violating 

Dirac charge quantization


are a Dark Matter candidate 


can be searched for using the

Aharonov-Bohm effect

Conclusions


