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I- MOTIVATIONS







EXACT SYMMETRY APPROXIMATE SYMMETRY

(conventional symmetry)

(higher-form symmetry)

<latexit sha1_base64="+sHO8vik2YyFdZScoCqI2xFnQqo=">AAACCXicjVDLSgMxFM34rPU16tJNsAiCUGaKqBuh6EZcVbAPaMchk2ba0ExmSO4IZejWjb/ixoUibv0Dd/6NmbaIioIHAueec+9NcoJEcA2O827NzM7NLywWlorLK6tr6/bGZkPHqaKsTmMRq1ZANBNcsjpwEKyVKEaiQLBmMDjL/eYNU5rH8gqGCfMi0pM85JSAkXwbdxKigBPhA764Brz/WXNT8xPHt0tu2RkD/01KaIqab791ujFNIyaBCqJ123US8LJ8KxVsVOykmiWEDkiPtQ2VJGLay8Y/GeFdo3RxGCtzJOCx+nUiI5HWwygwnRGBvv7p5eJvXjuF8NjLuExSYJJOLgpTgSHGeSy4yxWjIIaGEKq4eSumfaIIBRNe8X8hNCpl97BcuTwoVU+ncRTQNtpBe8hFR6iKzlEN1RFFt+gePaIn6856sJ6tl0nrjDWd2ULfYL1+AA1mmUc=</latexit>

@tJ
t + @iJ

i = 0
<latexit sha1_base64="c7iaWw8K0LieCOibm5xOAJMCgcY=">AAACD3icjVDLSgMxFM3UV62vUZdugkURxNIpom6EohsRFxXsAzrjkEkzbWjmQXJHKEP/wI2/4saFIm7duvNvzLRFVBQ8EDj3nHtvkuPFgisol9+N3NT0zOxcfr6wsLi0vGKurjVUlEjK6jQSkWx5RDHBQ1YHDoK1YslI4AnW9Pqnmd+8YVLxKLyCQcycgHRD7nNKQEuuuW3HRAInwgV8fg1497PmuubHezYTAl+4ZtEqlUfAf5MimqDmmm92J6JJwEKggijVtsoxOGm2mwo2LNiJYjGhfdJlbU1DEjDlpKP/DPGWVjrYj6Q+IeCR+nUiJYFSg8DTnQGBnvrpZeJvXjsB/8hJeRgnwEI6vshPBIYIZ+HgDpeMghhoQqjk+q2Y9ogkFHSEhf+F0KiUrINS5XK/WD2ZxJFHG2gT7SALHaIqOkM1VEcU3aJ79IiejDvjwXg2XsatOWMys46+wXj9AEHEm4U=</latexit>

@tJ
t + @iJ

i = �`L



APPROXIMATE SYMMETRY

(higher-form symmetry)

(topological symmetry)
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MOTIVATIONS

>> How do we consistently formulate hydrodynamics with  
     (approximate) higher-form  symmetries? [dissipative effects, gradient expansion, etc]

>> How do we describe equilibrium states in theories with higher-forms? 
[effective action, partition functions, etc]

>> Can stability be dealt in the same way? [MIS, BDNK or density frame completions, etc]

>> What phases and phase transitions are possible? [topological defects, impurities, etc]



(1) FOUNDATIONS [one-form superfluids, MHD] 
(2) CAUSALITY AND STABILITY 
(3) NUMERICAL IMPLEMENTATION 
(4) APPROXIMATE HIGHER-FORMS AND GENERALISED MELTING 
(5) DISCUSSION

OUTLINE



I- FOUNDATIONS



<latexit sha1_base64="PxYCS5NrCxHALTyTWzDmEPwHBEA=">AAAB8XicdZDLSgMxFIYz9VbrrerSTbAIroaZWmu7K7pxWcFesDOUTJppQ5PMkItQhr6FGxeKuPVt3Pk2phdERX8IHL7/HHLOH6WMKu15H05uZXVtfSO/Wdja3tndK+4ftFViJCYtnLBEdiOkCKOCtDTVjHRTSRCPGOlE46uZ37knUtFE3OpJSkKOhoLGFCNt0d2wnwXcBMJM+8WS59YrXq1ag77rzQUt8c/P6v4XKYGlmv3iezBIsOFEaMyQUj3fS3WYIakpZmRaCIwiKcJjNCQ9WwrEiQqz+cZTeGLJAMaJtE9oOKffJzLElZrwyHZypEfqtzeDf3k9o+NamFGRGk0EXnwUGwZ1AmfnwwGVBGs2sQXCktpdIR4hibC2IRVsCF+3/1+0y65fdcs3lVLjchlHHhyBY3AKfHABGuAaNEELYCDAA3gCz45yHp0X53XRmnOWM4fgh5y3T1gxkWA=</latexit>gµ⌫ In many cases <latexit sha1_base64="8xV7MB13X7GCfpxxzrzL3EEaUVs=">AAACBHicdZDLSgMxFIYzXmu9jbrsJlgEV8NMrbXdFd24rGAv0BmGTJq2oUlmSDJCGbpw46u4caGIWx/CnW9jeqGo6A+Bw/efw8n5o4RRpV3301pZXVvf2Mxt5bd3dvf27YPDlopTiUkTxyyWnQgpwqggTU01I51EEsQjRtrR6Grqt++IVDQWt3qckICjgaB9ipE2KLQLgzDzeeqLdOIryn2i0RKEdtF1amW3WqlCz3FngoZ452c1b0mKYKFGaH/4vRinnAiNGVKq67mJDjIkNcWMTPJ+qkiC8AgNSNeUAnGigmx2xASeGNKD/ViaJzSc0e8TGeJKjXlkOjnSQ/Xbm8K/vG6q+9UgoyJJNRF4vqifMqhjOE0E9qgkWLOxKRCW1PwV4iGSCGuTW96EsLz9/6JVcryKU7opF+uXizhyoACOwSnwwAWog2vQAE2AwT14BM/gxXqwnqxX623eumItZo7AD1nvX3lsmUo=</latexit>gµ⌫ ⇠ ⌘µ⌫



<latexit sha1_base64="57tVHRG49fmJjo1Bow8zaMbJDC0=">AAACAHicbVDLSgMxFM34rPVVdeHCTbAIroaZ1r4WQtGNywp9QaeWTJppQ5PMkGSEMnTjr7hxoYhbP8Odf2P6QNR64HIP59xLco8fMaq043xaK6tr6xubqa309s7u3n7m4LCpwlhi0sAhC2XbR4owKkhDU81IO5IEcZ+Rlj+6nvqteyIVDUVdjyPS5WggaEAx0kbqZY49gXyGeh6PYf0uMc0T8eTS6WWyjl0pFPOVAjQkXyiWytC1nRm+SRYsUOtlPrx+iGNOhMYMKdVxnUh3EyQ1xYxM0l6sSITwCA1Ix1CBOFHdZHbABJ4ZpQ+DUJoSGs7UnxsJ4kqNuW8mOdJD9debiv95nVgH5W5CRRRrIvD8oSBmUIdwmgbsU0mwZmNDEJbU/BXiIZIIa5NZ2oSwdPIyaeZst2jnbi+y1atFHClwAk7BOXBBCVTBDaiBBsBgAh7BM3ixHqwn69V6m4+uWIudI/AL1vsXzQOWjw==</latexit>

rµT
µ⌫ = 0

Ideal stress tensor:
<latexit sha1_base64="3VOSaNLCeKnovez6J1+azqQvHms="></latexit>

Tµ⌫ = ✏(T )uµu⌫ + P (T )(gµ⌫ + uµu⌫)



Ideal stress tensor:
<latexit sha1_base64="3VOSaNLCeKnovez6J1+azqQvHms="></latexit>

Tµ⌫ = ✏(T )uµu⌫ + P (T )(gµ⌫ + uµu⌫)

<latexit sha1_base64="OAx+Gmjrmykt5ynI9Jd1rO5xFfM=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyEptml3RTcuK9pWaGKYTKft0MkkzEyEEgr+ihsXirj1O9z5N07TCip64F4O59zL3DlhwqhUtv1hFJaWV1bXiuuljc2t7R1zd68j41Rg0sYxi8VNiCRhlJO2ooqRm0QQFIWMdMPx+czv3hEhacyv1SQhfoSGnA4oRkpLgXngcRQyFHhRCq9udfeGBNqBWbathuvWnCrMiduoz0m11oCOZecogwVagfnu9WOcRoQrzJCUPcdOlJ8hoShmZFryUkkShMdoSHqachQR6Wf5+VN4rJU+HMRCF1cwV79vZCiSchKFejJCaiR/ezPxL6+XqkHdzyhPUkU4nj80SBlUMZxlAftUEKzYRBOEBdW3QjxCAmGlEyvpEL5+Cv8nnYrl1KzK5Wm5ebaIowgOwRE4AQ5wQRNcgBZoAwwy8ACewLNxbzwaL8brfLRgLHb2wQ8Yb5/uEJV/</latexit>

rµS
µ � 0

Entropy current:
<latexit sha1_base64="jAk20uteXQxkirzQvL4arUAsvyY=">AAACCHicdVDLSgMxFM34rPVVdenCYBEEpcwU+1oUim5cVuwL2loyaaYNzWSGPIRS2p0bf8WNC0Xc+gnu/BvTaQUVPXC5h3PuJbnHDRmVyrY/rIXFpeWV1dhafH1jc2s7sbNbk4EWmFRxwALRcJEkjHJSVVQx0ggFQb7LSN0dXEz9+i0Rkga8ooYhafuox6lHMVJG6iQOrm9avi5KqKd9MjmdTFoklJQF/KRcrMhOImmnCrlc1snAiOQK+RnJZAvQSdkRkmCOcifx3uoGWPuEK8yQlE3HDlV7hISimJFxvKUlCREeoB5pGsqRT2R7FB0yhkdG6UIvEKa4gpH6fWOEfCmHvmsmfaT68rc3Ff/ymlp5+faI8lArwvHsIU8zqAI4TQV2qSBYsaEhCAtq/gpxHwmElckubkL4uhT+T2rplJNNpa/OkqXzeRwxsA8OwTFwQA6UwCUogyrA4A48gCfwbN1bj9aL9TobXbDmO3vgB6y3T0Zvmi4=</latexit>

Sµ = suµ , ✏+ P = Ts

<latexit sha1_base64="57tVHRG49fmJjo1Bow8zaMbJDC0=">AAACAHicbVDLSgMxFM34rPVVdeHCTbAIroaZ1r4WQtGNywp9QaeWTJppQ5PMkGSEMnTjr7hxoYhbP8Odf2P6QNR64HIP59xLco8fMaq043xaK6tr6xubqa309s7u3n7m4LCpwlhi0sAhC2XbR4owKkhDU81IO5IEcZ+Rlj+6nvqteyIVDUVdjyPS5WggaEAx0kbqZY49gXyGeh6PYf0uMc0T8eTS6WWyjl0pFPOVAjQkXyiWytC1nRm+SRYsUOtlPrx+iGNOhMYMKdVxnUh3EyQ1xYxM0l6sSITwCA1Ix1CBOFHdZHbABJ4ZpQ+DUJoSGs7UnxsJ4kqNuW8mOdJD9debiv95nVgH5W5CRRRrIvD8oSBmUIdwmgbsU0mwZmNDEJbU/BXiIZIIa5NZ2oSwdPIyaeZst2jnbi+y1atFHClwAk7BOXBBCVTBDaiBBsBgAh7BM3ixHqwn69V6m4+uWIudI/AL1vsXzQOWjw==</latexit>

rµT
µ⌫ = 0



What are the equilibrium solutions?

<latexit sha1_base64="0Yh9WpbkLZEr3gxbeIDc5YNH0Qs=">AAACA3icdVDLSsNAFJ3UV62vqjvdDBbBVUmKfS2EohtBFxVsLTQhTKbTduhkEmYmQgkBN/6KGxeKuPUn3Pk3TtIKKnrgwuGce7n3Hi9kVCrT/DByC4tLyyv51cLa+sbmVnF7pyuDSGDSwQELRM9DkjDKSUdRxUgvFAT5HiM33uQs9W9uiZA04NdqGhLHRyNOhxQjpSW3uGf7SI0xYvFl4l7AkRvbfmTzKDkx3WLJLDfr9ZpVhRmpNxszUq01oVU2M5TAHG23+G4PAhz5hCvMkJR9ywyVEyOhKGYkKdiRJCHCEzQifU058ol04uyHBB5qZQCHgdDFFczU7xMx8qWc+p7uTC+Wv71U/MvrR2rYcGLKw0gRjmeLhhGDKoBpIHBABcGKTTVBWFB9K8RjJBBWOraCDuHrU/g/6VbKVq1cuToutU7nceTBPjgAR8ACddAC56ANOgCDO/AAnsCzcW88Gi/G66w1Z8xndsEPGG+fhrWYHw==</latexit>

LKgµ⌫ = 0

<latexit sha1_base64="BIR1tGS2OheJ87awAstg/RukCjE=">AAACBHicdVDLSgMxFM3UV62vqstugkVwNcwU+1oIRTdCNxXsAzpjyaSZNjTzIMkIZToLN/6KGxeKuPUj3Pk3pp0KKnrgwsk595J7jxMyKqRhfGiZldW19Y3sZm5re2d3L79/0BFBxDFp44AFvOcgQRj1SVtSyUgv5AR5DiNdZ3Ix97u3hAsa+NdyGhLbQyOfuhQjqaRBvhDdxJYXJWeWyxGOm+kriWfNWTLIFw29Xq1WzDJckGq9lpJypQ5N3VigCJZoDfLv1jDAkUd8iRkSom8aobRjxCXFjCQ5KxIkRHiCRqSvqI88Iux4cUQCj5UyhG7AVfkSLtTvEzHyhJh6jur0kByL395c/MvrR9Kt2TH1w0gSH6cfuRGDMoDzROCQcoIlmyqCMKdqV4jHSKUhVW45FcLXpfB/0inpZkUvXZ0WG+fLOLKgAI7ACTBBFTTAJWiBNsDgDjyAJ/Cs3WuP2ov2mrZmtOXMIfgB7e0T2JaZjQ==</latexit>

uµ =
Kµ

|K|

<latexit sha1_base64="CmuZIQ+z3lyWVVlJGTAas7bqvJM=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiTFNu1CKLoR3FToC9oQJtNJO3TyYGailLSf4saFIm79Enf+jdO0gooeuHA4517uvceLGRXSND+03Nr6xuZWfruws7u3f6AXDzsiSjgmbRyxiPc8JAijIWlLKhnpxZygwGOk602uFn73jnBBo7AlpzFxAjQKqU8xkkpy9WLrYuBzhNOWa87T2c1s7uol06jbdtWqwIzY9dqSVKp1aBlmhhJYoenq74NhhJOAhBIzJETfMmPppIhLihmZFwaJIDHCEzQifUVDFBDhpNnpc3iqlCH0I64qlDBTv0+kKBBiGniqM0ByLH57C/Evr59Iv+akNIwTSUK8XOQnDMoILnKAQ8oJlmyqCMKcqlshHiOVhFRpFVQIX5/C/0mnbFhVo3x7XmpcruLIg2NwAs6ABWzQANegCdoAg3vwAJ7AszbTHrUX7XXZmtNWM0fgB7S3T+o0lHg=</latexit>

T =
T0

|K|

The fluid fields are determined:



Free energy functional (purely geometric)

<latexit sha1_base64="CmuZIQ+z3lyWVVlJGTAas7bqvJM=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiTFNu1CKLoR3FToC9oQJtNJO3TyYGailLSf4saFIm79Enf+jdO0gooeuHA4517uvceLGRXSND+03Nr6xuZWfruws7u3f6AXDzsiSjgmbRyxiPc8JAijIWlLKhnpxZygwGOk602uFn73jnBBo7AlpzFxAjQKqU8xkkpy9WLrYuBzhNOWa87T2c1s7uol06jbdtWqwIzY9dqSVKp1aBlmhhJYoenq74NhhJOAhBIzJETfMmPppIhLihmZFwaJIDHCEzQifUVDFBDhpNnpc3iqlCH0I64qlDBTv0+kKBBiGniqM0ByLH57C/Evr59Iv+akNIwTSUK8XOQnDMoILnKAQ8oJlmyqCMKcqlshHiOVhFRpFVQIX5/C/0mnbFhVo3x7XmpcruLIg2NwAs6ABWzQANegCdoAg3vwAJ7AszbTHrUX7XXZmtNWM0fgB7S3T+o0lHg=</latexit>

T =
T0

|K|

Variation gives
<latexit sha1_base64="uxSicucNzrHeLl9VFkbqBwKkKr8="></latexit>

�F [gµ⌫ ] =
1

2

Z
d4x

p
�gTµ⌫�gµ⌫

<latexit sha1_base64="ioAg5cUZH0MCrwpDSaJ2YrAkfNk="></latexit>

F [gµ⌫ ] = �
Z

d4x
p
�gP (T )



Out of equilibrium:
<latexit sha1_base64="51b0DPU76w5DH/aNSZolcg645yU="></latexit>

Tµ⌫ = ✏(T )uµu⌫ + P (T )(gµ⌫ + uµu⌫) + Tµ⌫
(1) +O

�
@2

�

Temperature and velocity can be redefined:

<latexit sha1_base64="5qbCgSI3sB3fRe80qRF2HNQgPVM=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEEISStfe2KblxWSB/QhDKZTNqhkwczE6XEfoobF4q49Uvc+TdOH4haD1w4nHMv997jJYwKaZqf2tr6xubWdm4nv7u3f3CoF446Ik45Jm0cs5j3PCQIoxFpSyoZ6SWcoNBjpOuNr2d+945wQePIlpOEuCEaRjSgGEklDfSC7cgY2vACOj5hEkF7oBdNo1GplhsVqEi5Uq3VoWWYc3yTIliiNdA/HD/GaUgiiRkSom+ZiXQzxCXFjEzzTipIgvAYDUlf0QiFRLjZ/PQpPFOKD4OYq4oknKs/JzIUCjEJPdUZIjkSf72Z+J/XT2VQdzMaJakkEV4sClIG1bezHKBPOcGSTRRBmFN1K8QjxBGWKq28CmHl5VXSKRlW1SjdXhabV8s4cuAEnIJzYIEaaIIb0AJtgME9eATP4EV70J60V+1t0bqmLWeOwS9o71+bJJL0</latexit>

T ! T + �T

<latexit sha1_base64="za/UkyI45/Tk/xX4fBpl0MflV5Y=">AAACBnicbVBLSwMxGMz6rPW16lGEYBEEYdlt7etW9OKxgn1Ady3ZbLYNzT5IskJZevLiX/HiQRGv/gZv/hvTbRG1DgQmM99HMuPGjAppmp/a0vLK6tp6biO/ubW9s6vv7bdFlHBMWjhiEe+6SBBGQ9KSVDLSjTlBgctIxx1dTv3OHeGCRuGNHMfECdAgpD7FSCqprx8lt3aQ2DKCGYFn0PYIk2h27esF06iXK6V6GSpSKleqNWgZZoZvUgBzNPv6h+1FOAlIKDFDQvQsM5ZOirikmJFJ3k4EiREeoQHpKRqigAgnzWJM4IlSPOhHXJ1Qwkz9uZGiQIhx4KrJAMmh+OtNxf+8XiL9mpPSME4kCfHsIT9hUKWedgI9ygmWbKwIwpyqv0I8RBxhqZrLqxIWIi+SdtGwKkbx+rzQuJjXkQOH4BicAgtUQQNcgSZoAQzuwSN4Bi/ag/akvWpvs9Elbb5zAH5Be/8Cq+6Yow==</latexit>

uµ ! uµ + �uµ



Landau frame:

+ second law fixes the form to be:

<latexit sha1_base64="7J+WCyEF8p10fusb/XD3GbFK5NE=">AAACAHicdZC7SgNBFIZn4y3G26qFhc1gEGITdoO5FULQxjJCbpDEZXYySYbMzi5zEcKyja9iY6GIrY9h59s4uQgq+sPAx3/O4cz5/YhRqRznw0qtrK6tb6Q3M1vbO7t79v5BS4ZaYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/cjWrt++IkDTkDTWNSD9AI06HFCNlLM8+atzGvUD3uE68OOeeJdozfOF4dtbJV8vlkluEcyhXKwsolqrQzTtzZcFSdc9+7w1CrAPCFWZIyq7rRKofI6EoZiTJ9LQkEcITNCJdgxwFRPbj+QEJPDXOAA5DYR5XcO5+n4hRIOU08E1ngNRY/q7NzL9qXa2GlX5MeaQV4XixaKgZVCGcpQEHVBCs2NQAwoKav0I8RgJhZTLLmBC+LoX/Q6uQd0v5ws15tna5jCMNjsEJyAEXlEENXIM6aAIMEvAAnsCzdW89Wi/W66I1ZS1nDsEPWW+f0lyWlQ==</latexit>

Tµ⌫
(1)u⌫ = 0

<latexit sha1_base64="OX/FAZXQiBls/z8UqB09Wja7W9A="></latexit>

Tµ⌫
(1) = �⇣r�u

�Pµ⌫ � ⌘�µ⌫

<latexit sha1_base64="7dDjbzFEWbm9KlRK3SYz5sDk4as=">AAACCnicdZDLSgMxFIYzXmu9VV26iRZBEMpMsbeFUHTjsoK9QGdaMmnahmYyQy5CGbp246u4caGIW5/AnW9jOq2iogcSPv7/HJLz+xGjUtn2u7WwuLS8sppaS69vbG5tZ3Z2GzLUApM6DlkoWj6ShFFO6ooqRlqRICjwGWn6o4up37whQtKQX6txRLwADTjtU4yUkbqZg1ondgPtcj050x1D0Nxcnwy+5G4ma+cqpVLRKcAESpXyDArFCnRydlJZMK9aN/Pm9kKsA8IVZkjKtmNHyouRUBQzMkm7WpII4REakLZBjgIivThZZQKPjNKD/VCYwxVM1O8TMQqkHAe+6QyQGsrf3lT8y2tr1S97MeWRVoTj2UN9zaAK4TQX2KOCYMXGBhAW1PwV4iESCCuTXtqE8Lkp/B8a+ZxTzOWvTrPV83kcKbAPDsExcEAJVMElqIE6wOAW3INH8GTdWQ/Ws/Uya12w5jN74EdZrx+RbpuB</latexit>

Pµ⌫ = uµu⌫ + gµ⌫



<latexit sha1_base64="yierOGaKdddl/Zd0NluVAUv9jiA=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZJim3ZXdOOygn1gE8pkOmmHzkzCzEQooX/hxoUibv0bd/6N07SCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD486qo4lZh0cMxi2Q+RIowK0tFUM9JPJEE8ZKQXTq8Wfu+eSEVjcatnCQk4GgsaUYy0ke7Gw8znqS/S+bBcceym59XdGsyJ12wsSa3ehK7t5KiAFdrD8rs/inHKidCYIaUGrpPoIENSU8zIvOSniiQIT9GYDAwViBMVZPnFc3hmlBGMYmlKaJir3ycyxJWa8dB0cqQn6re3EP/yBqmOGkFGRZJqIvByUZQyqGO4eB+OqCRYs5khCEtqboV4giTC2oRUMiF8fQr/J92q7dbt6s1FpXW5iqMITsApOAcu8EALXIM26AAMBHgAT+DZUtaj9WK9LlsL1mrmGPyA9fYJr/+RnQ==</latexit>gµ⌫
<latexit sha1_base64="cSFb1Z2GI9NjhL+JLfpC6I33E/A=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0iKbdpb1YvHCvYD2lA22227dLMJuxuhhP4ILx4U8erv8ea/cZtWUNEHA4/3ZpiZF8ScKe04H1ZubX1jcyu/XdjZ3ds/KB4etVWUSEJbJOKR7AZYUc4EbWmmOe3GkuIw4LQTTK8XfueeSsUicadnMfVDPBZsxAjWRupcDtJ+mMwHxZJj1z2v6lZQRrx6bUkq1TpybSdDCVZoDorv/WFEkpAKTThWquc6sfZTLDUjnM4L/UTRGJMpHtOeoQKHVPlpdu4cnRlliEaRNCU0ytTvEykOlZqFgekMsZ6o395C/MvrJXpU81Mm4kRTQZaLRglHOkKL39GQSUo0nxmCiWTmVkQmWGKiTUIFE8LXp+h/0i7bbtUu316UGlerOPJwAqdwDi540IAbaEILCEzhAZ7g2YqtR+vFel225qzVzDH8gPX2CRkxkBo=</latexit>

Aµ



<latexit sha1_base64="OAx+Gmjrmykt5ynI9Jd1rO5xFfM=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyEptml3RTcuK9pWaGKYTKft0MkkzEyEEgr+ihsXirj1O9z5N07TCip64F4O59zL3DlhwqhUtv1hFJaWV1bXiuuljc2t7R1zd68j41Rg0sYxi8VNiCRhlJO2ooqRm0QQFIWMdMPx+czv3hEhacyv1SQhfoSGnA4oRkpLgXngcRQyFHhRCq9udfeGBNqBWbathuvWnCrMiduoz0m11oCOZecogwVagfnu9WOcRoQrzJCUPcdOlJ8hoShmZFryUkkShMdoSHqachQR6Wf5+VN4rJU+HMRCF1cwV79vZCiSchKFejJCaiR/ezPxL6+XqkHdzyhPUkU4nj80SBlUMZxlAftUEKzYRBOEBdW3QjxCAmGlEyvpEL5+Cv8nnYrl1KzK5Wm5ebaIowgOwRE4AQ5wQRNcgBZoAwwy8ACewLNxbzwaL8brfLRgLHb2wQ8Yb5/uEJV/</latexit>

rµS
µ � 0

<latexit sha1_base64="w5RgoNXmVQqEPfr8dCMgjk5I9c4=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgqiTFNu1CKLoRVxXsA5pYJtNJO3QyCTMTsYT+ihsXirj1R9z5N07TCip64F4O59zL3Dl+zKhUlvVh5FZW19Y38puFre2d3T1zv9iRUSIwaeOIRaLnI0kY5aStqGKkFwuCQp+Rrj+5mPvdOyIkjfiNmsbEC9GI04BipLQ0MIsuRz5DAzdM4NWt7mfWwCxZ5Ybj1OwqzIjTqC9ItdaAdtnKUAJLtAbmuzuMcBISrjBDUvZtK1ZeioSimJFZwU0kiRGeoBHpa8pRSKSXZrfP4LFWhjCIhC6uYKZ+30hRKOU09PVkiNRY/vbm4l9eP1FB3UspjxNFOF48FCQMqgjOg4BDKghWbKoJwoLqWyEeI4Gw0nEVdAhfP4X/k06lbNfKlevTUvN8GUceHIIjcAJs4IAmuAQt0AYY3IMH8ASejZnxaLwYr4vRnLHcOQA/YLx9AsaTlE0=</latexit>

rµJ
µ = 0

Charged fluids:

<latexit sha1_base64="DEsM+Q1E5I7v/E7Ix2chPv+YazQ=">AAACDnicdVDLSgMxFM34rPVVdekmWAquykyxr4VQFERcVegLOmPJpGkbmskMeQhl6Be48VfcuFDErWt3/o3ptIKKHgg5Oedebu7xI0alsu0Pa2l5ZXVtPbWR3tza3tnN7O23ZKgFJk0cslB0fCQJo5w0FVWMdCJBUOAz0vbH5zO/fUuEpCFvqElEvAANOR1QjJSRepmcy5HPUM8NNGzcxOZyuZ6eXhjKtXlNr2ZWL5O189VyueQUYULK1cqcFEtV6OTtBFmwQL2XeXf7IdYB4QozJGXXsSPlxUgoihmZpl0tSYTwGA1J11COAiK9OFlnCnNG6cNBKMzhCibq944YBVJOAt9UBkiN5G9vJv7ldbUaVLyY8kgrwvF80EAzqEI4ywb2qSBYsYkhCAtq/grxCAmElUkwbUL42hT+T1qFvFPKF65PsrWzRRwpcAiOwDFwQBnUwCWogybA4A48gCfwbN1bj9aL9TovXbIWPQfgB6y3T4uWnRw=</latexit>

rµT
µ⌫ = F ⌫µJµ

Global U(1) symmetry



Ideal stress tensor:

Stress tensor correction

Ideal current:

<latexit sha1_base64="0QhyL3d4XXoJH5eyXNXYHl4hCyg="></latexit>

Tµ⌫ = ✏(T, µ)uµu⌫ + P (T, µ)(gµ⌫ + uµu⌫)

<latexit sha1_base64="YtYSdqHpimhIV8JpRHg99nsKe/8=">AAAB/HicdVDLSgMxFM34rPVV7dJNsAgVZJgp9rUQim7EVYW+oK0lk2ba0MzDPIRhqL/ixoUibv0Qd/6NmbaCih4IOTnnXu7NcUJGhbSsD2NpeWV1bT21kd7c2t7Zzeztt0SgOCZNHLCAdxwkCKM+aUoqGemEnCDPYaTtTC4Sv31HuKCB35BRSPoeGvnUpRhJLQ0y2aubnqfObvONE30fq+Q1yOQss1oul+winJFytTInxVIV2qY1Qw4sUB9k3nvDACuP+BIzJETXtkLZjxGXFDMyTfeUICHCEzQiXU195BHRj2fLT+GRVobQDbg+voQz9XtHjDwhIs/RlR6SY/HbS8S/vK6SbqUfUz9Ukvh4PshVDMoAJknAIeUESxZpgjCneleIx4gjLHVeaR3C10/h/6RVMO2SWbg+zdXOF3GkwAE4BHlggzKogUtQB02AQQQewBN4Nu6NR+PFeJ2XLhmLniz4AePtE1zLlKE=</latexit>

Jµ = q(T, µ)uµ

<latexit sha1_base64="OX/FAZXQiBls/z8UqB09Wja7W9A="></latexit>

Tµ⌫
(1) = �⇣r�u

�Pµ⌫ � ⌘�µ⌫

Current correction
<latexit sha1_base64="UR5pm8Em/4QfFOMmi3Tn+Leb8Hg="></latexit>

Jµ
(1) = ��Pµ

⌫

⇣
@⌫ µ

T
� E⌫

⌘
<latexit sha1_base64="f/C13Enq+FgijjL7yBQiXEewfvA=">AAAB/nicdZDLSgMxFIYz9VbrbVRcuQkWwVWZKfa2EIqiuKxgL9CZlkyatqGZzJCLUIaCr+LGhSJufQ53vo3pRVDRHwIf/zmHc/IHMaNSOc6HlVpaXlldS69nNja3tnfs3b2GjLTApI4jFolWgCRhlJO6ooqRViwICgNGmsHoYlpv3hEhacRv1TgmfogGnPYpRspYXfvgsuNxfXbVSbxQG5roroGunXVylVKp6BbgDEqV8hwKxQp0c85MWbBQrWu/e70I65BwhRmSsu06sfITJBTFjEwynpYkRniEBqRtkKOQSD+ZnT+Bx8bpwX4kzOMKztzvEwkKpRyHgekMkRrK37Wp+VetrVW/7CeUx1oRjueL+ppBFcFpFrBHBcGKjQ0gLKi5FeIhEggrk1jGhPD1U/g/NPI5t5jL35xmq+eLONLgEByBE+CCEqiCa1ADdYBBAh7AE3i27q1H68V6nbemrMXMPvgh6+0TIxqWSw==</latexit>

E⌫ = Fµ⌫uµ



<latexit sha1_base64="OAx+Gmjrmykt5ynI9Jd1rO5xFfM=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyEptml3RTcuK9pWaGKYTKft0MkkzEyEEgr+ihsXirj1O9z5N07TCip64F4O59zL3DlhwqhUtv1hFJaWV1bXiuuljc2t7R1zd68j41Rg0sYxi8VNiCRhlJO2ooqRm0QQFIWMdMPx+czv3hEhacyv1SQhfoSGnA4oRkpLgXngcRQyFHhRCq9udfeGBNqBWbathuvWnCrMiduoz0m11oCOZecogwVagfnu9WOcRoQrzJCUPcdOlJ8hoShmZFryUkkShMdoSHqachQR6Wf5+VN4rJU+HMRCF1cwV79vZCiSchKFejJCaiR/ezPxL6+XqkHdzyhPUkU4nj80SBlUMZxlAftUEKzYRBOEBdW3QjxCAmGlEyvpEL5+Cv8nnYrl1KzK5Wm5ebaIowgOwRE4AQ5wQRNcgBZoAwwy8ACewLNxbzwaL8brfLRgLHb2wQ8Yb5/uEJV/</latexit>

rµS
µ � 0

<latexit sha1_base64="w5RgoNXmVQqEPfr8dCMgjk5I9c4=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgqiTFNu1CKLoRVxXsA5pYJtNJO3QyCTMTsYT+ihsXirj1R9z5N07TCip64F4O59zL3Dl+zKhUlvVh5FZW19Y38puFre2d3T1zv9iRUSIwaeOIRaLnI0kY5aStqGKkFwuCQp+Rrj+5mPvdOyIkjfiNmsbEC9GI04BipLQ0MIsuRz5DAzdM4NWt7mfWwCxZ5Ybj1OwqzIjTqC9ItdaAdtnKUAJLtAbmuzuMcBISrjBDUvZtK1ZeioSimJFZwU0kiRGeoBHpa8pRSKSXZrfP4LFWhjCIhC6uYKZ+30hRKOU09PVkiNRY/vbm4l9eP1FB3UspjxNFOF48FCQMqgjOg4BDKghWbKoJwoLqWyEeI4Gw0nEVdAhfP4X/k06lbNfKlevTUvN8GUceHIIjcAJs4IAmuAQt0AYY3IMH8ASejZnxaLwYr4vRnLHcOQA/YLx9AsaTlE0=</latexit>

rµJ
µ = 0

Superfluids:

<latexit sha1_base64="DEsM+Q1E5I7v/E7Ix2chPv+YazQ=">AAACDnicdVDLSgMxFM34rPVVdekmWAquykyxr4VQFERcVegLOmPJpGkbmskMeQhl6Be48VfcuFDErWt3/o3ptIKKHgg5Oedebu7xI0alsu0Pa2l5ZXVtPbWR3tza3tnN7O23ZKgFJk0cslB0fCQJo5w0FVWMdCJBUOAz0vbH5zO/fUuEpCFvqElEvAANOR1QjJSRepmcy5HPUM8NNGzcxOZyuZ6eXhjKtXlNr2ZWL5O189VyueQUYULK1cqcFEtV6OTtBFmwQL2XeXf7IdYB4QozJGXXsSPlxUgoihmZpl0tSYTwGA1J11COAiK9OFlnCnNG6cNBKMzhCibq944YBVJOAt9UBkiN5G9vJv7ldbUaVLyY8kgrwvF80EAzqEI4ywb2qSBYsYkhCAtq/grxCAmElUkwbUL42hT+T1qFvFPKF65PsrWzRRwpcAiOwDFwQBnUwCWogybA4A48gCfwbN1bj9aL9TovXbIWPQfgB6y3T4uWnRw=</latexit>

rµT
µ⌫ = F ⌫µJµ

Spontaneously broken U(1) symmetry



There is a new dynamical field:

<latexit sha1_base64="cYHTKmpQKJ2LjHr1bMS/iDJAUdk=">AAACCHicdVDLSgMxFM3UV62vqksXBosgCGWm2NdCqLpxWcE+oDMMmTRtQzMzIcmIZejSjb/ixoUibv0Ed/6NmWkFFT0QODnn3pvc43FGpTLNDyOzsLi0vJJdza2tb2xu5bd32jKMBCYtHLJQdD0kCaMBaSmqGOlyQZDvMdLxxheJ37khQtIwuFYTThwfDQM6oBgpLbn5ffuWurYfndocCUURSy7Q5iN6fJZQN18wi/VqtWKVYUqq9dqMlCt1aBXNFAUwR9PNv9v9EEc+CRRmSMqeZXLlxMlwzMg0Z0eScITHaEh6mgbIJ9KJ00Wm8FArfTgIhT6Bgqn6vSNGvpQT39OVPlIj+dtLxL+8XqQGNSemAY8UCfDsoUHEoAphkgrsU0GwYhNNEBZU/xXiERIIK51dTofwtSn8n7RLRatSLF2dFBrn8ziyYA8cgCNggSpogEvQBC2AwR14AE/g2bg3Ho0X43VWmjHmPbvgB4y3T0Bwmig=</latexit>

⇠µ = @µ�+Aµ
<latexit sha1_base64="Nl3PgjuxzkGQPl47Ge7XMoX75Wk=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuQlJs0y6EohuXFewDmhgm02k7dCYJM5NiCf0TNy4UceufuPNvnKYVVPTAZQ7n3Mu9c8KEUals+8NYWV1b39gsbBW3d3b39s2Dw7aMU4FJC8csFt0QScJoRFqKKka6iSCIh4x0wvHV3O9MiJA0jm7VNCE+R8OIDihGSkuBaaZ3Hk+9exro50JXYJZsq+66VacCc+LWawtSqdahY9k5SmCJZmC+e/0Yp5xECjMkZc+xE+VnSCiKGZkVvVSSBOExGpKephHiRPpZfvkMnmqlDwex0BUpmKvfJzLEpZzyUHdypEbytzcX//J6qRrU/IxGSapIhBeLBimDKobzGGCfCoIVm2qCsKD6VohHSCCsdFhFHcLXT+H/pF22nKpVvjkvNS6XcRTAMTgBZ8ABLmiAa9AELYDBBDyAJ/BsZMaj8WK8LlpXjOXMEfgB4+0TbS6UNQ==</latexit>

uµ⇠µ = µ

<latexit sha1_base64="30zEtFZhOP6BldIe+2XAZKEoKG4="></latexit>

Tµ⌫ = ✏uµu⌫ + PPµ⌫ + f⇠µ⇠⌫
Stress tensor:

Current:
<latexit sha1_base64="bPxaYFa83/q+frPRrHjr4mFcB4E=">AAACAXicdZDLSgMxFIYzXmu9jboR3ASL4MYyU+xtIRTdiKsK9gK9kUkzbWjmYi5iGerGV3HjQhG3voU738bMtIKKHgj5+P9zSM7vhIwKaVkfxtz8wuLScmolvbq2vrFpbm3XRaA4JjUcsIA3HSQIoz6pSSoZaYacIM9hpOGMzmK/cUO4oIF/Jcch6Xho4FOXYiS11DN3L7pR21OTk2vV1feRC9u3NKaembGy5WKxYOdhAsVyaQr5QhnaWSupDJhVtWe+t/sBVh7xJWZIiJZthbITIS4pZmSSbitBQoRHaEBaGn3kEdGJkg0m8EArfegGXB9fwkT9PhEhT4ix5+hOD8mh+O3F4l9eS0m31ImoHypJfDx9yFUMygDGccA+5QRLNtaAMKf6rxAPEUdY6tDSOoSvTeH/UM9l7UI2d3mcqZzO4kiBPbAPDoENiqACzkEV1AAGd+ABPIFn4954NF6M12nrnDGb2QE/ynj7BP+gl0g=</latexit>

Jµ = quµ � f⇠µ



Thermodynamic quantities are now functions of

with

<latexit sha1_base64="yfP/2MaEtVxHsSZ7fMVoYnflO+I=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0WoUEpSbNPuim5cVugLmlAm00k7dCaJM5NCCf0ONy4UcevHuPNvnKYVVPTAhcM593LvPV7EqFSm+WFkNja3tneyu7m9/YPDo/zxSVeGscCkg0MWir6HJGE0IB1FFSP9SBDEPUZ63vRm6fdmREgaBm01j4jL0TigPsVIacltFdslh8clB0/o5TBfMMsN265ZVZgSu1FfkWqtAa2ymaIA1mgN8+/OKMQxJ4HCDEk5sMxIuQkSimJGFjknliRCeIrGZKBpgDiRbpIevYAXWhlBPxS6AgVT9ftEgriUc+7pTo7URP72luJf3iBWft1NaBDFigR4tciPGVQhXCYAR1QQrNhcE4QF1bdCPEECYaVzyukQvj6F/5NupWzVypW7q0Lzeh1HFpyBc1AEFrBBE9yCFugADO7BA3gCz8bMeDRejNdVa8ZYz5yCHzDePgHzhJGb</latexit>

P (T, µ,�)
<latexit sha1_base64="GAFs//EWV5vvaVTrpFjmtGRObFI=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCG0NSbNMuhKIblxXsA5oYJtNpO3TyYGYi1lD8FTcuFHHrf7jzb5ymFVT0wHAP59zLvXP8mFEhTfNDyy0sLi2v5FcLa+sbm1v69k5LRAnHpIkjFvGOjwRhNCRNSSUjnZgTFPiMtP3R+dRv3xAuaBReyXFM3AANQtqnGEklefqeg4f09Ni5pddOkKjiqeLpRdOo2XbFKsOM2LXqjJQrNWgZZoYimKPh6e9OL8JJQEKJGRKia5mxdFPEJcWMTApOIkiM8AgNSFfREAVEuGl2/QQeKqUH+xFXL5QwU79PpCgQYhz4qjNAcih+e1PxL6+byH7VTWkYJ5KEeLaonzAoIziNAvYoJ1iysSIIc6puhXiIOMJSBVZQIXz9FP5PWiXDqhily5Ni/WweRx7sgwNwBCxggzq4AA3QBBjcgQfwBJ61e+1Re9FeZ605bT6zC35Ae/sEBxKVpA==</latexit>

� = �⇠µ⇠µ



The free energy functional is:

<latexit sha1_base64="n5J2F7ax5eFXU/Mcf4J2GqsEQII="></latexit>

F [gµ⌫ , Aµ;�] = �
Z

d4x
p
�gP (T, µ,�)

<latexit sha1_base64="CmuZIQ+z3lyWVVlJGTAas7bqvJM=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiTFNu1CKLoR3FToC9oQJtNJO3TyYGailLSf4saFIm79Enf+jdO0gooeuHA4517uvceLGRXSND+03Nr6xuZWfruws7u3f6AXDzsiSjgmbRyxiPc8JAijIWlLKhnpxZygwGOk602uFn73jnBBo7AlpzFxAjQKqU8xkkpy9WLrYuBzhNOWa87T2c1s7uol06jbdtWqwIzY9dqSVKp1aBlmhhJYoenq74NhhJOAhBIzJETfMmPppIhLihmZFwaJIDHCEzQifUVDFBDhpNnpc3iqlCH0I64qlDBTv0+kKBBiGniqM0ByLH57C/Evr59Iv+akNIwTSUK8XOQnDMoILnKAQ8oJlmyqCMKcqlshHiOVhFRpFVQIX5/C/0mnbFhVo3x7XmpcruLIg2NwAs6ABWzQANegCdoAg3vwAJ7AszbTHrUX7XXZmtNWM0fgB7S3T+o0lHg=</latexit>

T =
T0

|K|
<latexit sha1_base64="ta+L2CQxk5nuaNhN7Pd44R1WnIc=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5AU27QLoerGZQX7gDaGyXTSDp08mIdQS7/EjQtF3Pop7vwbp2kFFT0wl8M593LvnCBlVEjb/jByK6tr6xv5zcLW9s5u0dzbb4tEcUxaOGEJ7wZIEEZj0pJUMtJNOUFRwEgnGF/O/c4d4YIm8Y2cpMSL0DCmIcVIask3i/1InalbXeG5r6tvlmyr7rpVpwIz4tZrC1Kp1qFj2RlKYImmb773BwlWEYklZkiInmOn0psiLilmZFboK0FShMdoSHqaxigiwptmh8/gsVYGMEy4frGEmfp9YooiISZRoDsjJEfitzcX//J6SoY1b0rjVEkS48WiUDEoEzhPAQ4oJ1iyiSYIc6pvhXiEOMJSZ1XQIXz9FP5P2mXLqVrl69NS42IZRx4cgiNwAhzggga4Ak3QAhgo8ACewLNxbzwaL8brojVnLGcOwA8Yb5/xFJNP</latexit>

µ = uµAµ

Equilibrium states are degenerate

<latexit sha1_base64="bvhslqgCrLm4gcFrLF+rKN0UKZI="></latexit>

��F ) rµ (f⇠
µ) = 0



WHAT IS MHD?



THE GAUGE FIELD IS NO LONGER A 
BACKGROUND FIELD BUT A DYNAMICAL FIELD



<latexit sha1_base64="yierOGaKdddl/Zd0NluVAUv9jiA=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFZJim3ZXdOOygn1gE8pkOmmHzkzCzEQooX/hxoUibv0bd/6N07SCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD486qo4lZh0cMxi2Q+RIowK0tFUM9JPJEE8ZKQXTq8Wfu+eSEVjcatnCQk4GgsaUYy0ke7Gw8znqS/S+bBcceym59XdGsyJ12wsSa3ehK7t5KiAFdrD8rs/inHKidCYIaUGrpPoIENSU8zIvOSniiQIT9GYDAwViBMVZPnFc3hmlBGMYmlKaJir3ycyxJWa8dB0cqQn6re3EP/yBqmOGkFGRZJqIvByUZQyqGO4eB+OqCRYs5khCEtqboV4giTC2oRUMiF8fQr/J92q7dbt6s1FpXW5iqMITsApOAcu8EALXIM26AAMBHgAT+DZUtaj9WK9LlsL1mrmGPyA9fYJr/+RnQ==</latexit>gµ⌫
<latexit sha1_base64="6OhHxHyxlufnAvyGKakepAI6iuU=">AAAB+3icjVDLSsNAFJ34rPUV69LNYBFclUSkuiy6EVcV7AOaGCbTSTt0MgkzN9IS8ituXCji1h9x5984fSxUFDxw4XDOvdzDCVPBNTjOh7W0vLK6tl7aKG9ube/s2nuVtk4yRVmLJiJR3ZBoJrhkLeAgWDdVjMShYJ1wdDn1O/dMaZ7IW5ikzI/JQPKIUwJGCuzK9Z0XZ0HuARtDbqYoArvq1pwZ8N+kihZoBva7109oFjMJVBCte66Tgp8TBZwKVpS9TLOU0BEZsJ6hksRM+/kse4GPjNLHUaLMSMAz9etFTmKtJ3FoNmMCQ/3Tm4q/eb0MonM/5zLNgEk6fxRlAkOCp0XgPleMgpgYQqjiJiumQ6IIBVNX+X8ltE9qbr1WvzmtNi4WdZTQATpEx8hFZ6iBrlATtRBFY/SAntCzVViP1ov1Ol9dshY3++gbrLdP+/KVFA==</latexit>

Jµ
ext



r[µF⌫⇢] = 0
<latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit><latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit><latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit><latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit>

Jµ + Jµ
ext = 0

<latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit><latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit><latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit><latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit>

J⌫ = rµF
µ⌫ + J⌫

matter
<latexit sha1_base64="ZGPnWf3e0a5EuyHvBzxlPlKkSJw="></latexit><latexit sha1_base64="ZGPnWf3e0a5EuyHvBzxlPlKkSJw="></latexit><latexit sha1_base64="ZGPnWf3e0a5EuyHvBzxlPlKkSJw="></latexit><latexit sha1_base64="ZGPnWf3e0a5EuyHvBzxlPlKkSJw="></latexit>

rµT
µ⌫ = Fµ⌫Jµ

<latexit sha1_base64="tI1yLvdW8ECijrRFNSmdyiZqFeM=">AAACEHicbZBNS8MwGMfT+TbnW9Wjl+AQPY1WBL0IQ0HE04S9wVpLmqVbWJqWJBVG6Ufw4lfx4kERrx69+W1MtyK6+UDIj///eUievx8zKpVlfRmlhcWl5ZXyamVtfWNzy9zeacsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH13mfueeCEkj3lTjmLghGnAaUIyUljzz0OHIZ8hzwgQ271J9OTzJzq9+8MbLKfPMqlWzJgXnwS6gCopqeOan049wEhKuMENS9mwrVm6KhKKYkaziJJLECI/QgPQ0chQS6aaThTJ4oJU+DCKhD1dwov6eSFEo5Tj0dWeI1FDOern4n9dLVHDmppTHiSIcTx8KEgZVBPN0YJ8KghUba0BYUP1XiIdIIKx0hhUdgj278jy0j2u2VbNvT6r1iyKOMtgD++AI2OAU1ME1aIAWwOABPIEX8Go8Gs/Gm/E+bS0Zxcwu+FPGxze0vp2k</latexit><latexit sha1_base64="tI1yLvdW8ECijrRFNSmdyiZqFeM=">AAACEHicbZBNS8MwGMfT+TbnW9Wjl+AQPY1WBL0IQ0HE04S9wVpLmqVbWJqWJBVG6Ufw4lfx4kERrx69+W1MtyK6+UDIj///eUievx8zKpVlfRmlhcWl5ZXyamVtfWNzy9zeacsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH13mfueeCEkj3lTjmLghGnAaUIyUljzz0OHIZ8hzwgQ271J9OTzJzq9+8MbLKfPMqlWzJgXnwS6gCopqeOan049wEhKuMENS9mwrVm6KhKKYkaziJJLECI/QgPQ0chQS6aaThTJ4oJU+DCKhD1dwov6eSFEo5Tj0dWeI1FDOern4n9dLVHDmppTHiSIcTx8KEgZVBPN0YJ8KghUba0BYUP1XiIdIIKx0hhUdgj278jy0j2u2VbNvT6r1iyKOMtgD++AI2OAU1ME1aIAWwOABPIEX8Go8Gs/Gm/E+bS0Zxcwu+FPGxze0vp2k</latexit><latexit sha1_base64="tI1yLvdW8ECijrRFNSmdyiZqFeM=">AAACEHicbZBNS8MwGMfT+TbnW9Wjl+AQPY1WBL0IQ0HE04S9wVpLmqVbWJqWJBVG6Ufw4lfx4kERrx69+W1MtyK6+UDIj///eUievx8zKpVlfRmlhcWl5ZXyamVtfWNzy9zeacsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH13mfueeCEkj3lTjmLghGnAaUIyUljzz0OHIZ8hzwgQ271J9OTzJzq9+8MbLKfPMqlWzJgXnwS6gCopqeOan049wEhKuMENS9mwrVm6KhKKYkaziJJLECI/QgPQ0chQS6aaThTJ4oJU+DCKhD1dwov6eSFEo5Tj0dWeI1FDOern4n9dLVHDmppTHiSIcTx8KEgZVBPN0YJ8KghUba0BYUP1XiIdIIKx0hhUdgj278jy0j2u2VbNvT6r1iyKOMtgD++AI2OAU1ME1aIAWwOABPIEX8Go8Gs/Gm/E+bS0Zxcwu+FPGxze0vp2k</latexit><latexit sha1_base64="tI1yLvdW8ECijrRFNSmdyiZqFeM=">AAACEHicbZBNS8MwGMfT+TbnW9Wjl+AQPY1WBL0IQ0HE04S9wVpLmqVbWJqWJBVG6Ufw4lfx4kERrx69+W1MtyK6+UDIj///eUievx8zKpVlfRmlhcWl5ZXyamVtfWNzy9zeacsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH13mfueeCEkj3lTjmLghGnAaUIyUljzz0OHIZ8hzwgQ271J9OTzJzq9+8MbLKfPMqlWzJgXnwS6gCopqeOan049wEhKuMENS9mwrVm6KhKKYkaziJJLECI/QgPQ0chQS6aaThTJ4oJU+DCKhD1dwov6eSFEo5Tj0dWeI1FDOern4n9dLVHDmppTHiSIcTx8KEgZVBPN0YJ8KghUba0BYUP1XiIdIIKx0hhUdgj278jy0j2u2VbNvT6r1iyKOMtgD++AI2OAU1ME1aIAWwOABPIEX8Go8Gs/Gm/E+bS0Zxcwu+FPGxze0vp2k</latexit>

Fµ⌫ = 2u[µE⌫] � ✏µ⌫�⇢u
�B⇢

<latexit sha1_base64="8M6yhwcQECNz/bvPuUhmRIwZjx4="></latexit><latexit sha1_base64="8M6yhwcQECNz/bvPuUhmRIwZjx4="></latexit><latexit sha1_base64="8M6yhwcQECNz/bvPuUhmRIwZjx4="></latexit><latexit sha1_base64="8M6yhwcQECNz/bvPuUhmRIwZjx4="></latexit>

Eµ = Fµ⌫u⌫
<latexit sha1_base64="TTLor2PE04h3s4PzqOKEvsvsV28=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGBN0IRVFcVrAP6EyHTJq2oUlmyEMoQ8FfceNCEbd+hzv/xrSdhbYeSO7hnHvJzYlTRpX2vG+nsLS8srpWXC9tbG5t77i7ew2VGIlJHScska0YKcKoIHVNNSOtVBLEY0aa8fB64jcfiVQ0EQ96lJKQo76gPYqRtlLkHtx0Am4ubzuZLYEwYxPZO3LLXsWbAi4SPydlkKMWuV9BN8GGE6ExQ0q1fS/VYYakppiRcSkwiqQID1GftC0ViBMVZtP1x/DYKl3YS6Q9QsOp+nsiQ1ypEY9tJ0d6oOa9ifif1za6dxFmVKRGE4FnD/UMgzqBkyxgl0qCNRtZgrCkdleIB0girG1iJRuCP//lRdI4rfhexb8/K1ev8jiK4BAcgRPgg3NQBXegBuoAgww8g1fw5jw5L8678zFrLTj5zD74A+fzB2v7lcc=</latexit><latexit sha1_base64="TTLor2PE04h3s4PzqOKEvsvsV28=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGBN0IRVFcVrAP6EyHTJq2oUlmyEMoQ8FfceNCEbd+hzv/xrSdhbYeSO7hnHvJzYlTRpX2vG+nsLS8srpWXC9tbG5t77i7ew2VGIlJHScska0YKcKoIHVNNSOtVBLEY0aa8fB64jcfiVQ0EQ96lJKQo76gPYqRtlLkHtx0Am4ubzuZLYEwYxPZO3LLXsWbAi4SPydlkKMWuV9BN8GGE6ExQ0q1fS/VYYakppiRcSkwiqQID1GftC0ViBMVZtP1x/DYKl3YS6Q9QsOp+nsiQ1ypEY9tJ0d6oOa9ifif1za6dxFmVKRGE4FnD/UMgzqBkyxgl0qCNRtZgrCkdleIB0girG1iJRuCP//lRdI4rfhexb8/K1ev8jiK4BAcgRPgg3NQBXegBuoAgww8g1fw5jw5L8678zFrLTj5zD74A+fzB2v7lcc=</latexit><latexit sha1_base64="TTLor2PE04h3s4PzqOKEvsvsV28=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGBN0IRVFcVrAP6EyHTJq2oUlmyEMoQ8FfceNCEbd+hzv/xrSdhbYeSO7hnHvJzYlTRpX2vG+nsLS8srpWXC9tbG5t77i7ew2VGIlJHScska0YKcKoIHVNNSOtVBLEY0aa8fB64jcfiVQ0EQ96lJKQo76gPYqRtlLkHtx0Am4ubzuZLYEwYxPZO3LLXsWbAi4SPydlkKMWuV9BN8GGE6ExQ0q1fS/VYYakppiRcSkwiqQID1GftC0ViBMVZtP1x/DYKl3YS6Q9QsOp+nsiQ1ypEY9tJ0d6oOa9ifif1za6dxFmVKRGE4FnD/UMgzqBkyxgl0qCNRtZgrCkdleIB0girG1iJRuCP//lRdI4rfhexb8/K1ev8jiK4BAcgRPgg3NQBXegBuoAgww8g1fw5jw5L8678zFrLTj5zD74A+fzB2v7lcc=</latexit><latexit sha1_base64="TTLor2PE04h3s4PzqOKEvsvsV28=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGBN0IRVFcVrAP6EyHTJq2oUlmyEMoQ8FfceNCEbd+hzv/xrSdhbYeSO7hnHvJzYlTRpX2vG+nsLS8srpWXC9tbG5t77i7ew2VGIlJHScska0YKcKoIHVNNSOtVBLEY0aa8fB64jcfiVQ0EQ96lJKQo76gPYqRtlLkHtx0Am4ubzuZLYEwYxPZO3LLXsWbAi4SPydlkKMWuV9BN8GGE6ExQ0q1fS/VYYakppiRcSkwiqQID1GftC0ViBMVZtP1x/DYKl3YS6Q9QsOp+nsiQ1ypEY9tJ0d6oOa9ifif1za6dxFmVKRGE4FnD/UMgzqBkyxgl0qCNRtZgrCkdleIB0girG1iJRuCP//lRdI4rfhexb8/K1ev8jiK4BAcgRPgg3NQBXegBuoAgww8g1fw5jw5L8678zFrLTj5zD74A+fzB2v7lcc=</latexit>

Bµ =
1

2
✏µ⌫�⇢F�⇢

<latexit sha1_base64="Kl/T1tWmhrXq5p2QOXwwrv0/1Gc=">AAACJXicbVBNS8MwGE7n15xfVY9eikPwNNoh6EFhTBCPE9wHrF1J03QLS5OSpMIo/TNe/CtePDhE8ORfMdt60M0HAk+e533f5H2ChBKpbPvLKK2tb2xulbcrO7t7+wfm4VFH8lQg3EacctELoMSUMNxWRFHcSwSGcUBxNxjfzvzuExaScPaoJgn2YjhkJCIIKi355nVz4MbpjRsJiDInz+q5ixNJKGeDTBsuS12qp4XQFSOe3/nZ76tvVu2aPYe1SpyCVEGBlm9O3ZCjNMZMIQql7Dt2orwMCkUQxXnFTSVOIBrDIe5rymCMpZfNt8ytM62EVsSFPkxZc/V3RwZjKSdxoCtjqEZy2ZuJ/3n9VEVXXkZYkirM0OKhKKWW4tYsMiskAiNFJ5pAJIj+q4VGUAemdLAVHYKzvPIq6dRrjl1zHi6qjWYRRxmcgFNwDhxwCRrgHrRAGyDwDF7BO5gaL8ab8WF8LkpLRtFzDP7A+P4BO++m8w==</latexit><latexit sha1_base64="Kl/T1tWmhrXq5p2QOXwwrv0/1Gc=">AAACJXicbVBNS8MwGE7n15xfVY9eikPwNNoh6EFhTBCPE9wHrF1J03QLS5OSpMIo/TNe/CtePDhE8ORfMdt60M0HAk+e533f5H2ChBKpbPvLKK2tb2xulbcrO7t7+wfm4VFH8lQg3EacctELoMSUMNxWRFHcSwSGcUBxNxjfzvzuExaScPaoJgn2YjhkJCIIKi355nVz4MbpjRsJiDInz+q5ixNJKGeDTBsuS12qp4XQFSOe3/nZ76tvVu2aPYe1SpyCVEGBlm9O3ZCjNMZMIQql7Dt2orwMCkUQxXnFTSVOIBrDIe5rymCMpZfNt8ytM62EVsSFPkxZc/V3RwZjKSdxoCtjqEZy2ZuJ/3n9VEVXXkZYkirM0OKhKKWW4tYsMiskAiNFJ5pAJIj+q4VGUAemdLAVHYKzvPIq6dRrjl1zHi6qjWYRRxmcgFNwDhxwCRrgHrRAGyDwDF7BO5gaL8ab8WF8LkpLRtFzDP7A+P4BO++m8w==</latexit><latexit sha1_base64="Kl/T1tWmhrXq5p2QOXwwrv0/1Gc=">AAACJXicbVBNS8MwGE7n15xfVY9eikPwNNoh6EFhTBCPE9wHrF1J03QLS5OSpMIo/TNe/CtePDhE8ORfMdt60M0HAk+e533f5H2ChBKpbPvLKK2tb2xulbcrO7t7+wfm4VFH8lQg3EacctELoMSUMNxWRFHcSwSGcUBxNxjfzvzuExaScPaoJgn2YjhkJCIIKi355nVz4MbpjRsJiDInz+q5ixNJKGeDTBsuS12qp4XQFSOe3/nZ76tvVu2aPYe1SpyCVEGBlm9O3ZCjNMZMIQql7Dt2orwMCkUQxXnFTSVOIBrDIe5rymCMpZfNt8ytM62EVsSFPkxZc/V3RwZjKSdxoCtjqEZy2ZuJ/3n9VEVXXkZYkirM0OKhKKWW4tYsMiskAiNFJ5pAJIj+q4VGUAemdLAVHYKzvPIq6dRrjl1zHi6qjWYRRxmcgFNwDhxwCRrgHrRAGyDwDF7BO5gaL8ab8WF8LkpLRtFzDP7A+P4BO++m8w==</latexit><latexit sha1_base64="Kl/T1tWmhrXq5p2QOXwwrv0/1Gc=">AAACJXicbVBNS8MwGE7n15xfVY9eikPwNNoh6EFhTBCPE9wHrF1J03QLS5OSpMIo/TNe/CtePDhE8ORfMdt60M0HAk+e533f5H2ChBKpbPvLKK2tb2xulbcrO7t7+wfm4VFH8lQg3EacctELoMSUMNxWRFHcSwSGcUBxNxjfzvzuExaScPaoJgn2YjhkJCIIKi355nVz4MbpjRsJiDInz+q5ixNJKGeDTBsuS12qp4XQFSOe3/nZ76tvVu2aPYe1SpyCVEGBlm9O3ZCjNMZMIQql7Dt2orwMCkUQxXnFTSVOIBrDIe5rymCMpZfNt8ytM62EVsSFPkxZc/V3RwZjKSdxoCtjqEZy2ZuJ/3n9VEVXXkZYkirM0OKhKKWW4tYsMiskAiNFJ5pAJIj+q4VGUAemdLAVHYKzvPIq6dRrjl1zHi6qjWYRRxmcgFNwDhxwCRrgHrRAGyDwDF7BO5gaL8ab8WF8LkpLRtFzDP7A+P4BO++m8w==</latexit>

MHD EQUATIONS:

Decompose the field strength as:

arXiv:1811.04913, One-form superfluids and MHD by JA & A. Jain

arXiv:1703.08757, Relativistic MHD by J. Hernandez & P. Kovtun



• Minimal coupling between fluid and fields

Decomposing Maxwell’s equations

Jµ + Jµ
ext = 0

<latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit><latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit><latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit><latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit>

 



• Electric fields are Debye screened and the plasma is 
electrically neutral

Stress tensor becomes:

q(T, µ) = Eµ = O(@)
<latexit sha1_base64="8wlKnCvmib95T/FYfFHken4Xlbs=">AAACDXicbVDLSgMxFM34rPU16tLNYBVakDIjgm4KRRHcWaEv6Iwlk2ba0CQzJhmhDP0BN/6KGxeKuHXvzr8x085CWw+EHM65N7n3+BElUtn2t7GwuLS8sppby69vbG5tmzu7TRnGAuEGCmko2j6UmBKOG4ooituRwJD5FLf84WXqtx6wkCTkdTWKsMdgn5OAIKi01DUP74v1Y5fFpcrVnb4qLoNqgCBNbsZFN4JCEUhLXbNgl+0JrHniZKQAMtS65pfbC1HMMFeIQik7jh0pL0mfQxSP824scQTREPZxR1MOGZZeMtlmbB1ppWcFodCHK2ui/u5IIJNyxHxdmQ4rZ71U/M/rxCo49xLCo1hhjqYfBTG1VGil0Vg9IjBSdKQJRILoWS00gAIipQPM6xCc2ZXnSfOk7Nhl5/a0UL3I4siBfXAAisABZ6AKrkENNAACj+AZvII348l4Md6Nj2npgpH17IE/MD5/ADSQmwU=</latexit><latexit sha1_base64="8wlKnCvmib95T/FYfFHken4Xlbs=">AAACDXicbVDLSgMxFM34rPU16tLNYBVakDIjgm4KRRHcWaEv6Iwlk2ba0CQzJhmhDP0BN/6KGxeKuHXvzr8x085CWw+EHM65N7n3+BElUtn2t7GwuLS8sppby69vbG5tmzu7TRnGAuEGCmko2j6UmBKOG4ooituRwJD5FLf84WXqtx6wkCTkdTWKsMdgn5OAIKi01DUP74v1Y5fFpcrVnb4qLoNqgCBNbsZFN4JCEUhLXbNgl+0JrHniZKQAMtS65pfbC1HMMFeIQik7jh0pL0mfQxSP824scQTREPZxR1MOGZZeMtlmbB1ppWcFodCHK2ui/u5IIJNyxHxdmQ4rZ71U/M/rxCo49xLCo1hhjqYfBTG1VGil0Vg9IjBSdKQJRILoWS00gAIipQPM6xCc2ZXnSfOk7Nhl5/a0UL3I4siBfXAAisABZ6AKrkENNAACj+AZvII348l4Md6Nj2npgpH17IE/MD5/ADSQmwU=</latexit><latexit sha1_base64="8wlKnCvmib95T/FYfFHken4Xlbs=">AAACDXicbVDLSgMxFM34rPU16tLNYBVakDIjgm4KRRHcWaEv6Iwlk2ba0CQzJhmhDP0BN/6KGxeKuHXvzr8x085CWw+EHM65N7n3+BElUtn2t7GwuLS8sppby69vbG5tmzu7TRnGAuEGCmko2j6UmBKOG4ooituRwJD5FLf84WXqtx6wkCTkdTWKsMdgn5OAIKi01DUP74v1Y5fFpcrVnb4qLoNqgCBNbsZFN4JCEUhLXbNgl+0JrHniZKQAMtS65pfbC1HMMFeIQik7jh0pL0mfQxSP824scQTREPZxR1MOGZZeMtlmbB1ppWcFodCHK2ui/u5IIJNyxHxdmQ4rZ71U/M/rxCo49xLCo1hhjqYfBTG1VGil0Vg9IjBSdKQJRILoWS00gAIipQPM6xCc2ZXnSfOk7Nhl5/a0UL3I4siBfXAAisABZ6AKrkENNAACj+AZvII348l4Md6Nj2npgpH17IE/MD5/ADSQmwU=</latexit><latexit sha1_base64="8wlKnCvmib95T/FYfFHken4Xlbs=">AAACDXicbVDLSgMxFM34rPU16tLNYBVakDIjgm4KRRHcWaEv6Iwlk2ba0CQzJhmhDP0BN/6KGxeKuHXvzr8x085CWw+EHM65N7n3+BElUtn2t7GwuLS8sppby69vbG5tmzu7TRnGAuEGCmko2j6UmBKOG4ooituRwJD5FLf84WXqtx6wkCTkdTWKsMdgn5OAIKi01DUP74v1Y5fFpcrVnb4qLoNqgCBNbsZFN4JCEUhLXbNgl+0JrHniZKQAMtS65pfbC1HMMFeIQik7jh0pL0mfQxSP824scQTREPZxR1MOGZZeMtlmbB1ppWcFodCHK2ui/u5IIJNyxHxdmQ4rZ71U/M/rxCo49xLCo1hhjqYfBTG1VGil0Vg9IjBSdKQJRILoWS00gAIipQPM6xCc2ZXnSfOk7Nhl5/a0UL3I4siBfXAAisABZ6AKrkENNAACj+AZvII348l4Md6Nj2npgpH17IE/MD5/ADSQmwU=</latexit>

instead of �(T, µ) ! 1
<latexit sha1_base64="TJ1RY8Z1sGjnWcBhjMivrKd0h80=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFfoFTSib7aZdursJuxMh1B78K148KOLVv+HNf+O2zUFbHww83pthZl6YcKbBdb+twsrq2vpGcbO0tb2zu2fvH7R0nCpCmyTmseqEWFPOJG0CA047iaJYhJy2w9Ht1G8/UKVZLBuQJTQQeCBZxAgGI/XsI1+zgcCVxrkv0jMfYp/JCLKeXXar7gzOMvFyUkY56j37y+/HJBVUAuFY667nJhCMsQJGOJ2U/FTTBJMRHtCuoRILqoPx7P6Jc2qUvhPFypQEZ6b+nhhjoXUmQtMpMAz1ojcV//O6KUTXwZjJJAUqyXxRlHIHYmcahtNnihLgmSGYKGZudcgQK0zARFYyIXiLLy+T1kXVc6ve/WW5dpPHUUTH6ARVkIeuUA3doTpqIoIe0TN6RW/Wk/VivVsf89aClc8coj+wPn8AiF+VyA==</latexit><latexit sha1_base64="TJ1RY8Z1sGjnWcBhjMivrKd0h80=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFfoFTSib7aZdursJuxMh1B78K148KOLVv+HNf+O2zUFbHww83pthZl6YcKbBdb+twsrq2vpGcbO0tb2zu2fvH7R0nCpCmyTmseqEWFPOJG0CA047iaJYhJy2w9Ht1G8/UKVZLBuQJTQQeCBZxAgGI/XsI1+zgcCVxrkv0jMfYp/JCLKeXXar7gzOMvFyUkY56j37y+/HJBVUAuFY667nJhCMsQJGOJ2U/FTTBJMRHtCuoRILqoPx7P6Jc2qUvhPFypQEZ6b+nhhjoXUmQtMpMAz1ojcV//O6KUTXwZjJJAUqyXxRlHIHYmcahtNnihLgmSGYKGZudcgQK0zARFYyIXiLLy+T1kXVc6ve/WW5dpPHUUTH6ARVkIeuUA3doTpqIoIe0TN6RW/Wk/VivVsf89aClc8coj+wPn8AiF+VyA==</latexit><latexit sha1_base64="TJ1RY8Z1sGjnWcBhjMivrKd0h80=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFfoFTSib7aZdursJuxMh1B78K148KOLVv+HNf+O2zUFbHww83pthZl6YcKbBdb+twsrq2vpGcbO0tb2zu2fvH7R0nCpCmyTmseqEWFPOJG0CA047iaJYhJy2w9Ht1G8/UKVZLBuQJTQQeCBZxAgGI/XsI1+zgcCVxrkv0jMfYp/JCLKeXXar7gzOMvFyUkY56j37y+/HJBVUAuFY667nJhCMsQJGOJ2U/FTTBJMRHtCuoRILqoPx7P6Jc2qUvhPFypQEZ6b+nhhjoXUmQtMpMAz1ojcV//O6KUTXwZjJJAUqyXxRlHIHYmcahtNnihLgmSGYKGZudcgQK0zARFYyIXiLLy+T1kXVc6ve/WW5dpPHUUTH6ARVkIeuUA3doTpqIoIe0TN6RW/Wk/VivVsf89aClc8coj+wPn8AiF+VyA==</latexit><latexit sha1_base64="TJ1RY8Z1sGjnWcBhjMivrKd0h80=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFfoFTSib7aZdursJuxMh1B78K148KOLVv+HNf+O2zUFbHww83pthZl6YcKbBdb+twsrq2vpGcbO0tb2zu2fvH7R0nCpCmyTmseqEWFPOJG0CA047iaJYhJy2w9Ht1G8/UKVZLBuQJTQQeCBZxAgGI/XsI1+zgcCVxrkv0jMfYp/JCLKeXXar7gzOMvFyUkY56j37y+/HJBVUAuFY667nJhCMsQJGOJ2U/FTTBJMRHtCuoRILqoPx7P6Jc2qUvhPFypQEZ6b+nhhjoXUmQtMpMAz1ojcV//O6KUTXwZjJJAUqyXxRlHIHYmcahtNnihLgmSGYKGZudcgQK0zARFYyIXiLLy+T1kXVc6ve/WW5dpPHUUTH6ARVkIeuUA3doTpqIoIe0TN6RW/Wk/VivVsf89aClc8coj+wPn8AiF+VyA==</latexit>



• General equation of state and stress

 

Minimal coupling:

P ⌘ P (T, µ,B2)
<latexit sha1_base64="58+7JMAl/c2ZTdQFewMPtTHJ4Fo=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhQggzQdBjiBePI2SDzBh6Oj1Jk57FXgJxCP6KFw+KePU/vPk3dpI5aOKDgsd7VVTV8xNGhbSsbyO3tr6xuZXfLuzs7u0fmIdHLRErjkkTxyzmHR8JwmhEmpJKRjoJJyj0GWn7o5uZ3x4TLmgcNeQkIV6IBhENKEZSSz3zxHHJg6Jj6JQaZTdU5fp99aJnFq2KNQdcJXZGiiCD0zO/3H6MVUgiiRkSomtbifRSxCXFjEwLrhIkQXiEBqSraYRCIrx0fv0UnmulD4OY64oknKu/J1IUCjEJfd0ZIjkUy95M/M/rKhlceymNEiVJhBeLAsWgjOEsCtinnGDJJpogzKm+FeIh4ghLHVhBh2Avv7xKWtWKbVXsu8tirZ7FkQen4AyUgA2uQA3cAgc0AQaP4Bm8gjfjyXgx3o2PRWvOyGaOwR8Ynz8+0ZPG</latexit><latexit sha1_base64="58+7JMAl/c2ZTdQFewMPtTHJ4Fo=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhQggzQdBjiBePI2SDzBh6Oj1Jk57FXgJxCP6KFw+KePU/vPk3dpI5aOKDgsd7VVTV8xNGhbSsbyO3tr6xuZXfLuzs7u0fmIdHLRErjkkTxyzmHR8JwmhEmpJKRjoJJyj0GWn7o5uZ3x4TLmgcNeQkIV6IBhENKEZSSz3zxHHJg6Jj6JQaZTdU5fp99aJnFq2KNQdcJXZGiiCD0zO/3H6MVUgiiRkSomtbifRSxCXFjEwLrhIkQXiEBqSraYRCIrx0fv0UnmulD4OY64oknKu/J1IUCjEJfd0ZIjkUy95M/M/rKhlceymNEiVJhBeLAsWgjOEsCtinnGDJJpogzKm+FeIh4ghLHVhBh2Avv7xKWtWKbVXsu8tirZ7FkQen4AyUgA2uQA3cAgc0AQaP4Bm8gjfjyXgx3o2PRWvOyGaOwR8Ynz8+0ZPG</latexit><latexit sha1_base64="58+7JMAl/c2ZTdQFewMPtTHJ4Fo=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhQggzQdBjiBePI2SDzBh6Oj1Jk57FXgJxCP6KFw+KePU/vPk3dpI5aOKDgsd7VVTV8xNGhbSsbyO3tr6xuZXfLuzs7u0fmIdHLRErjkkTxyzmHR8JwmhEmpJKRjoJJyj0GWn7o5uZ3x4TLmgcNeQkIV6IBhENKEZSSz3zxHHJg6Jj6JQaZTdU5fp99aJnFq2KNQdcJXZGiiCD0zO/3H6MVUgiiRkSomtbifRSxCXFjEwLrhIkQXiEBqSraYRCIrx0fv0UnmulD4OY64oknKu/J1IUCjEJfd0ZIjkUy95M/M/rKhlceymNEiVJhBeLAsWgjOEsCtinnGDJJpogzKm+FeIh4ghLHVhBh2Avv7xKWtWKbVXsu8tirZ7FkQen4AyUgA2uQA3cAgc0AQaP4Bm8gjfjyXgx3o2PRWvOyGaOwR8Ynz8+0ZPG</latexit><latexit sha1_base64="58+7JMAl/c2ZTdQFewMPtTHJ4Fo=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhQggzQdBjiBePI2SDzBh6Oj1Jk57FXgJxCP6KFw+KePU/vPk3dpI5aOKDgsd7VVTV8xNGhbSsbyO3tr6xuZXfLuzs7u0fmIdHLRErjkkTxyzmHR8JwmhEmpJKRjoJJyj0GWn7o5uZ3x4TLmgcNeQkIV6IBhENKEZSSz3zxHHJg6Jj6JQaZTdU5fp99aJnFq2KNQdcJXZGiiCD0zO/3H6MVUgiiRkSomtbifRSxCXFjEwLrhIkQXiEBqSraYRCIrx0fv0UnmulD4OY64oknKu/J1IUCjEJfd0ZIjkUy95M/M/rKhlceymNEiVJhBeLAsWgjOEsCtinnGDJJpogzKm+FeIh4ghLHVhBh2Avv7xKWtWKbVXsu8tirZ7FkQen4AyUgA2uQA3cAgc0AQaP4Bm8gjfjyXgx3o2PRWvOyGaOwR8Ynz8+0ZPG</latexit>

Second law:

rµS
µ � 0

<latexit sha1_base64="EdLsRxcUOMdLAKbmX/lpLbG21d0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuiG5cV7QOaGG6mk3boZBJmJkINxV9x40IRt/6HO//GaZuFth64l8M59zJ3TphyprTjfFulpeWV1bXyemVjc2t7x97da6kkk4Q2ScIT2QlBUc4EbWqmOe2kkkIcctoOh1cTv/1ApWKJuNOjlPox9AWLGAFtpMA+8ASEHAIvzvDtvelenzqBXXVqzhR4kbgFqaICjcD+8noJyWIqNOGgVNd1Uu3nIDUjnI4rXqZoCmQIfdo1VEBMlZ9Prx/jY6P0cJRIU0Ljqfp7I4dYqVEcmskY9EDNexPxP6+b6ejCz5lIM00FmT0UZRzrBE+iwD0mKdF8ZAgQycytmAxAAtEmsIoJwZ3/8iJpndZcp+benFXrl0UcZXSIjtAJctE5qqNr1EBNRNAjekav6M16sl6sd+tjNlqyip199AfW5w/aCpTR</latexit><latexit sha1_base64="EdLsRxcUOMdLAKbmX/lpLbG21d0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuiG5cV7QOaGG6mk3boZBJmJkINxV9x40IRt/6HO//GaZuFth64l8M59zJ3TphyprTjfFulpeWV1bXyemVjc2t7x97da6kkk4Q2ScIT2QlBUc4EbWqmOe2kkkIcctoOh1cTv/1ApWKJuNOjlPox9AWLGAFtpMA+8ASEHAIvzvDtvelenzqBXXVqzhR4kbgFqaICjcD+8noJyWIqNOGgVNd1Uu3nIDUjnI4rXqZoCmQIfdo1VEBMlZ9Prx/jY6P0cJRIU0Ljqfp7I4dYqVEcmskY9EDNexPxP6+b6ejCz5lIM00FmT0UZRzrBE+iwD0mKdF8ZAgQycytmAxAAtEmsIoJwZ3/8iJpndZcp+benFXrl0UcZXSIjtAJctE5qqNr1EBNRNAjekav6M16sl6sd+tjNlqyip199AfW5w/aCpTR</latexit><latexit sha1_base64="EdLsRxcUOMdLAKbmX/lpLbG21d0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuiG5cV7QOaGG6mk3boZBJmJkINxV9x40IRt/6HO//GaZuFth64l8M59zJ3TphyprTjfFulpeWV1bXyemVjc2t7x97da6kkk4Q2ScIT2QlBUc4EbWqmOe2kkkIcctoOh1cTv/1ApWKJuNOjlPox9AWLGAFtpMA+8ASEHAIvzvDtvelenzqBXXVqzhR4kbgFqaICjcD+8noJyWIqNOGgVNd1Uu3nIDUjnI4rXqZoCmQIfdo1VEBMlZ9Prx/jY6P0cJRIU0Ljqfp7I4dYqVEcmskY9EDNexPxP6+b6ejCz5lIM00FmT0UZRzrBE+iwD0mKdF8ZAgQycytmAxAAtEmsIoJwZ3/8iJpndZcp+benFXrl0UcZXSIjtAJctE5qqNr1EBNRNAjekav6M16sl6sd+tjNlqyip199AfW5w/aCpTR</latexit><latexit sha1_base64="EdLsRxcUOMdLAKbmX/lpLbG21d0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuiG5cV7QOaGG6mk3boZBJmJkINxV9x40IRt/6HO//GaZuFth64l8M59zJ3TphyprTjfFulpeWV1bXyemVjc2t7x97da6kkk4Q2ScIT2QlBUc4EbWqmOe2kkkIcctoOh1cTv/1ApWKJuNOjlPox9AWLGAFtpMA+8ASEHAIvzvDtvelenzqBXXVqzhR4kbgFqaICjcD+8noJyWIqNOGgVNd1Uu3nIDUjnI4rXqZoCmQIfdo1VEBMlZ9Prx/jY6P0cJRIU0Ljqfp7I4dYqVEcmskY9EDNexPxP6+b6ejCz5lIM00FmT0UZRzrBE+iwD0mKdF8ZAgQycytmAxAAtEmsIoJwZ3/8iJpndZcp+benFXrl0UcZXSIjtAJctE5qqNr1EBNRNAjekav6M16sl6sd+tjNlqyip199AfW5w/aCpTR</latexit>



• Equilibrium partition function

 

Currents:

uµ =
kµ

k
<latexit sha1_base64="mtGBvPA7RRChdGJ7a9D+DvWX3Zc=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkIuhGKblxWsA9o0jKZTtqhkwczN2IJ+QY3/oobF4q4deXOv3HSZlFbD1w4c869zL3HiwVXYFk/xtLyyuraemmjvLm1vbNr7u03VZRIyho0EpFse0QxwUPWAA6CtWPJSOAJ1vJGN7nfemBS8Si8h3HM3IAMQu5zSkBLPfM06aZOkGRXji8JTR1gj+D56Sjr5urMO+uZFatqTYAXiV2QCipQ75nfTj+iScBCoIIo1bGtGNyUSOBUsKzsJIrFhI7IgHU0DUnAlJtOTsrwsVb62I+krhDwRJ2dSEmg1DjwdGdAYKjmvVz8z+sk4F+6KQ/jBFhIpx/5icAQ4Twf3OeSURBjTQiVXO+K6ZDobECnWNYh2PMnL5LmWdW2qvbdeaV2XcRRQofoCJ0gG12gGrpFddRAFD2hF/SG3o1n49X4MD6nrUtGMXOA/sD4+gUkqJ+n</latexit><latexit sha1_base64="mtGBvPA7RRChdGJ7a9D+DvWX3Zc=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkIuhGKblxWsA9o0jKZTtqhkwczN2IJ+QY3/oobF4q4deXOv3HSZlFbD1w4c869zL3HiwVXYFk/xtLyyuraemmjvLm1vbNr7u03VZRIyho0EpFse0QxwUPWAA6CtWPJSOAJ1vJGN7nfemBS8Si8h3HM3IAMQu5zSkBLPfM06aZOkGRXji8JTR1gj+D56Sjr5urMO+uZFatqTYAXiV2QCipQ75nfTj+iScBCoIIo1bGtGNyUSOBUsKzsJIrFhI7IgHU0DUnAlJtOTsrwsVb62I+krhDwRJ2dSEmg1DjwdGdAYKjmvVz8z+sk4F+6KQ/jBFhIpx/5icAQ4Twf3OeSURBjTQiVXO+K6ZDobECnWNYh2PMnL5LmWdW2qvbdeaV2XcRRQofoCJ0gG12gGrpFddRAFD2hF/SG3o1n49X4MD6nrUtGMXOA/sD4+gUkqJ+n</latexit><latexit sha1_base64="mtGBvPA7RRChdGJ7a9D+DvWX3Zc=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkIuhGKblxWsA9o0jKZTtqhkwczN2IJ+QY3/oobF4q4deXOv3HSZlFbD1w4c869zL3HiwVXYFk/xtLyyuraemmjvLm1vbNr7u03VZRIyho0EpFse0QxwUPWAA6CtWPJSOAJ1vJGN7nfemBS8Si8h3HM3IAMQu5zSkBLPfM06aZOkGRXji8JTR1gj+D56Sjr5urMO+uZFatqTYAXiV2QCipQ75nfTj+iScBCoIIo1bGtGNyUSOBUsKzsJIrFhI7IgHU0DUnAlJtOTsrwsVb62I+krhDwRJ2dSEmg1DjwdGdAYKjmvVz8z+sk4F+6KQ/jBFhIpx/5icAQ4Twf3OeSURBjTQiVXO+K6ZDobECnWNYh2PMnL5LmWdW2qvbdeaV2XcRRQofoCJ0gG12gGrpFddRAFD2hF/SG3o1n49X4MD6nrUtGMXOA/sD4+gUkqJ+n</latexit><latexit sha1_base64="mtGBvPA7RRChdGJ7a9D+DvWX3Zc=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkIuhGKblxWsA9o0jKZTtqhkwczN2IJ+QY3/oobF4q4deXOv3HSZlFbD1w4c869zL3HiwVXYFk/xtLyyuraemmjvLm1vbNr7u03VZRIyho0EpFse0QxwUPWAA6CtWPJSOAJ1vJGN7nfemBS8Si8h3HM3IAMQu5zSkBLPfM06aZOkGRXji8JTR1gj+D56Sjr5urMO+uZFatqTYAXiV2QCipQ75nfTj+iScBCoIIo1bGtGNyUSOBUsKzsJIrFhI7IgHU0DUnAlJtOTsrwsVb62I+krhDwRJ2dSEmg1DjwdGdAYKjmvVz8z+sk4F+6KQ/jBFhIpx/5icAQ4Twf3OeSURBjTQiVXO+K6ZDobECnWNYh2PMnL5LmWdW2qvbdeaV2XcRRQofoCJ0gG12gGrpFddRAFD2hF/SG3o1n49X4MD6nrUtGMXOA/sD4+gUkqJ+n</latexit>

T =
T0

k<latexit sha1_base64="+64UeobkuZVyAvEyejThvlO7laY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoigl6EohePFfoFbQib7aZdutmE3YlYQrz4V7x4UMSr/8Kb/8Ztm4O2Phh4vDfDzLwgEVyD43xbS8srq2vrpY3y5tb2zq69t9/Scaooa9JYxKoTEM0El6wJHATrJIqRKBCsHYxuJn77ninNY9mAccK8iAwkDzklYCTfPmxc9UJFaNbwnTzrAXuAIMxGee7bFafqTIEXiVuQCipQ9+2vXj+macQkUEG07rpOAl5GFHAqWF7upZolhI7IgHUNlSRi2sumH+T4xCh9HMbKlAQ8VX9PZCTSehwFpjMiMNTz3kT8z+umEF56GZdJCkzS2aIwFRhiPIkD97liFMTYEEIVN7diOiQmEDChlU0I7vzLi6R1VnWdqnt3XqldF3GU0BE6RqfIRReohm5RHTURRY/oGb2iN+vJerHerY9Z65JVzBygP7A+fwAH/pdD</latexit><latexit sha1_base64="+64UeobkuZVyAvEyejThvlO7laY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoigl6EohePFfoFbQib7aZdutmE3YlYQrz4V7x4UMSr/8Kb/8Ztm4O2Phh4vDfDzLwgEVyD43xbS8srq2vrpY3y5tb2zq69t9/Scaooa9JYxKoTEM0El6wJHATrJIqRKBCsHYxuJn77ninNY9mAccK8iAwkDzklYCTfPmxc9UJFaNbwnTzrAXuAIMxGee7bFafqTIEXiVuQCipQ9+2vXj+macQkUEG07rpOAl5GFHAqWF7upZolhI7IgHUNlSRi2sumH+T4xCh9HMbKlAQ8VX9PZCTSehwFpjMiMNTz3kT8z+umEF56GZdJCkzS2aIwFRhiPIkD97liFMTYEEIVN7diOiQmEDChlU0I7vzLi6R1VnWdqnt3XqldF3GU0BE6RqfIRReohm5RHTURRY/oGb2iN+vJerHerY9Z65JVzBygP7A+fwAH/pdD</latexit><latexit sha1_base64="+64UeobkuZVyAvEyejThvlO7laY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoigl6EohePFfoFbQib7aZdutmE3YlYQrz4V7x4UMSr/8Kb/8Ztm4O2Phh4vDfDzLwgEVyD43xbS8srq2vrpY3y5tb2zq69t9/Scaooa9JYxKoTEM0El6wJHATrJIqRKBCsHYxuJn77ninNY9mAccK8iAwkDzklYCTfPmxc9UJFaNbwnTzrAXuAIMxGee7bFafqTIEXiVuQCipQ9+2vXj+macQkUEG07rpOAl5GFHAqWF7upZolhI7IgHUNlSRi2sumH+T4xCh9HMbKlAQ8VX9PZCTSehwFpjMiMNTz3kT8z+umEF56GZdJCkzS2aIwFRhiPIkD97liFMTYEEIVN7diOiQmEDChlU0I7vzLi6R1VnWdqnt3XqldF3GU0BE6RqfIRReohm5RHTURRY/oGb2iN+vJerHerY9Z65JVzBygP7A+fwAH/pdD</latexit><latexit sha1_base64="+64UeobkuZVyAvEyejThvlO7laY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoigl6EohePFfoFbQib7aZdutmE3YlYQrz4V7x4UMSr/8Kb/8Ztm4O2Phh4vDfDzLwgEVyD43xbS8srq2vrpY3y5tb2zq69t9/Scaooa9JYxKoTEM0El6wJHATrJIqRKBCsHYxuJn77ninNY9mAccK8iAwkDzklYCTfPmxc9UJFaNbwnTzrAXuAIMxGee7bFafqTIEXiVuQCipQ9+2vXj+macQkUEG07rpOAl5GFHAqWF7upZolhI7IgHUNlSRi2sumH+T4xCh9HMbKlAQ8VX9PZCTSehwFpjMiMNTz3kT8z+umEF56GZdJCkzS2aIwFRhiPIkD97liFMTYEEIVN7diOiQmEDChlU0I7vzLi6R1VnWdqnt3XqldF3GU0BE6RqfIRReohm5RHTURRY/oGb2iN+vJerHerY9Z65JVzBygP7A+fwAH/pdD</latexit>

µ = uµAµ
<latexit sha1_base64="wRXFkqqNh/9gHg1XJZQ0eQ9zcBA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURQTdC1Y3LCvYBbQyT6bQdOpOEeQg19EvcuFDErZ/izr9x2mahrQfmcjjnXu6dE6WcKe15305hZXVtfaO4Wdra3tktu3v7TZUYSWiDJDyR7QgryllMG5ppTtuppFhEnLai0c3Ubz1SqVgS3+txSgOBBzHrM4K1lUK33BXm0jzYiq5CW0O34lW9GdAy8XNSgRz10P3q9hJiBI014Vipju+lOsiw1IxwOil1jaIpJiM8oB1LYyyoCrLZ4RN0bJUe6ifSvlijmfp7IsNCqbGIbKfAeqgWvan4n9cxun8RZCxOjaYxmS/qG450gqYpoB6TlGg+tgQTyeytiAyxxETbrEo2BH/xy8ukeVr1vap/d1apXedxFOEQjuAEfDiHGtxCHRpAwMAzvMKb8+S8OO/Ox7y14OQzB/AHzucPOhSSyw==</latexit><latexit sha1_base64="wRXFkqqNh/9gHg1XJZQ0eQ9zcBA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURQTdC1Y3LCvYBbQyT6bQdOpOEeQg19EvcuFDErZ/izr9x2mahrQfmcjjnXu6dE6WcKe15305hZXVtfaO4Wdra3tktu3v7TZUYSWiDJDyR7QgryllMG5ppTtuppFhEnLai0c3Ubz1SqVgS3+txSgOBBzHrM4K1lUK33BXm0jzYiq5CW0O34lW9GdAy8XNSgRz10P3q9hJiBI014Vipju+lOsiw1IxwOil1jaIpJiM8oB1LYyyoCrLZ4RN0bJUe6ifSvlijmfp7IsNCqbGIbKfAeqgWvan4n9cxun8RZCxOjaYxmS/qG450gqYpoB6TlGg+tgQTyeytiAyxxETbrEo2BH/xy8ukeVr1vap/d1apXedxFOEQjuAEfDiHGtxCHRpAwMAzvMKb8+S8OO/Ox7y14OQzB/AHzucPOhSSyw==</latexit><latexit sha1_base64="wRXFkqqNh/9gHg1XJZQ0eQ9zcBA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURQTdC1Y3LCvYBbQyT6bQdOpOEeQg19EvcuFDErZ/izr9x2mahrQfmcjjnXu6dE6WcKe15305hZXVtfaO4Wdra3tktu3v7TZUYSWiDJDyR7QgryllMG5ppTtuppFhEnLai0c3Ubz1SqVgS3+txSgOBBzHrM4K1lUK33BXm0jzYiq5CW0O34lW9GdAy8XNSgRz10P3q9hJiBI014Vipju+lOsiw1IxwOil1jaIpJiM8oB1LYyyoCrLZ4RN0bJUe6ifSvlijmfp7IsNCqbGIbKfAeqgWvan4n9cxun8RZCxOjaYxmS/qG450gqYpoB6TlGg+tgQTyeytiAyxxETbrEo2BH/xy8ukeVr1vap/d1apXedxFOEQjuAEfDiHGtxCHRpAwMAzvMKb8+S8OO/Ox7y14OQzB/AHzucPOhSSyw==</latexit><latexit sha1_base64="wRXFkqqNh/9gHg1XJZQ0eQ9zcBA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURQTdC1Y3LCvYBbQyT6bQdOpOEeQg19EvcuFDErZ/izr9x2mahrQfmcjjnXu6dE6WcKe15305hZXVtfaO4Wdra3tktu3v7TZUYSWiDJDyR7QgryllMG5ppTtuppFhEnLai0c3Ubz1SqVgS3+txSgOBBzHrM4K1lUK33BXm0jzYiq5CW0O34lW9GdAy8XNSgRz10P3q9hJiBI014Vipju+lOsiw1IxwOil1jaIpJiM8oB1LYyyoCrLZ4RN0bJUe6ifSvlijmfp7IsNCqbGIbKfAeqgWvan4n9cxun8RZCxOjaYxmS/qG450gqYpoB6TlGg+tgQTyeytiAyxxETbrEo2BH/xy8ukeVr1vap/d1apXedxFOEQjuAEfDiHGtxCHRpAwMAzvMKb8+S8OO/Ox7y14OQzB/AHzucPOhSSyw==</latexit>

Tµ⌫ =
2p
�g

�S

�gµ⌫
<latexit sha1_base64="gEgLH13HA+QFm7W7rJjFCT2UpnE=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4scwUQTdC0Y3Lin1Bp5ZMmmlDM5kxuSOUYX7Hjb/iRkFRt/6I6Qu09UDgcM493NzjRYJrsO1PK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1PaKZ4JLVgINgzUgxEniCNbzB1chvPDCleSirMIxYOyA9yX1OCRipky9X7xI3iF0ZpxeurwhNSmni6nsFyUkvTSeS22UCCL5NZ6zXmYXSTr5gF+0x8CJxpqSApqh08q9uN6RxwCRQQbRuOXYE7YQo4FSwNOfGmkWEDkiPtQyVJGC6nYwvTfGRUbrYD5V5EvBY/Z1ISKD1MPDMZECgr+e9kfif14rBP28nXEYxMEkni/xYYAjxqDbc5YpREENDCFXc/BXTPjHlgCk3Z0pw5k9eJPVS0bGLzs1poXw5rSOLDtAhOkYOOkNldI0qqIYoekTP6A29W0/Wi/VhfU1GM9Y0s4/+wPr+Ae1xqN0=</latexit><latexit sha1_base64="gEgLH13HA+QFm7W7rJjFCT2UpnE=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4scwUQTdC0Y3Lin1Bp5ZMmmlDM5kxuSOUYX7Hjb/iRkFRt/6I6Qu09UDgcM493NzjRYJrsO1PK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1PaKZ4JLVgINgzUgxEniCNbzB1chvPDCleSirMIxYOyA9yX1OCRipky9X7xI3iF0ZpxeurwhNSmni6nsFyUkvTSeS22UCCL5NZ6zXmYXSTr5gF+0x8CJxpqSApqh08q9uN6RxwCRQQbRuOXYE7YQo4FSwNOfGmkWEDkiPtQyVJGC6nYwvTfGRUbrYD5V5EvBY/Z1ISKD1MPDMZECgr+e9kfif14rBP28nXEYxMEkni/xYYAjxqDbc5YpREENDCFXc/BXTPjHlgCk3Z0pw5k9eJPVS0bGLzs1poXw5rSOLDtAhOkYOOkNldI0qqIYoekTP6A29W0/Wi/VhfU1GM9Y0s4/+wPr+Ae1xqN0=</latexit><latexit sha1_base64="gEgLH13HA+QFm7W7rJjFCT2UpnE=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4scwUQTdC0Y3Lin1Bp5ZMmmlDM5kxuSOUYX7Hjb/iRkFRt/6I6Qu09UDgcM493NzjRYJrsO1PK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1PaKZ4JLVgINgzUgxEniCNbzB1chvPDCleSirMIxYOyA9yX1OCRipky9X7xI3iF0ZpxeurwhNSmni6nsFyUkvTSeS22UCCL5NZ6zXmYXSTr5gF+0x8CJxpqSApqh08q9uN6RxwCRQQbRuOXYE7YQo4FSwNOfGmkWEDkiPtQyVJGC6nYwvTfGRUbrYD5V5EvBY/Z1ISKD1MPDMZECgr+e9kfif14rBP28nXEYxMEkni/xYYAjxqDbc5YpREENDCFXc/BXTPjHlgCk3Z0pw5k9eJPVS0bGLzs1poXw5rSOLDtAhOkYOOkNldI0qqIYoekTP6A29W0/Wi/VhfU1GM9Y0s4/+wPr+Ae1xqN0=</latexit><latexit sha1_base64="gEgLH13HA+QFm7W7rJjFCT2UpnE=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4scwUQTdC0Y3Lin1Bp5ZMmmlDM5kxuSOUYX7Hjb/iRkFRt/6I6Qu09UDgcM493NzjRYJrsO1PK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1PaKZ4JLVgINgzUgxEniCNbzB1chvPDCleSirMIxYOyA9yX1OCRipky9X7xI3iF0ZpxeurwhNSmni6nsFyUkvTSeS22UCCL5NZ6zXmYXSTr5gF+0x8CJxpqSApqh08q9uN6RxwCRQQbRuOXYE7YQo4FSwNOfGmkWEDkiPtQyVJGC6nYwvTfGRUbrYD5V5EvBY/Z1ISKD1MPDMZECgr+e9kfif14rBP28nXEYxMEkni/xYYAjxqDbc5YpREENDCFXc/BXTPjHlgCk3Z0pw5k9eJPVS0bGLzs1poXw5rSOLDtAhOkYOOkNldI0qqIYoekTP6A29W0/Wi/VhfU1GM9Y0s4/+wPr+Ae1xqN0=</latexit>

Lkgµ⌫ = 0
<latexit sha1_base64="5WhHOYVFrQ+2j6n1V3iBkHXjN2E=">AAACC3icbVBNS8NAEN34WetX1KOX0CJ4KokIehGKXjx4qGA/oAlhs920SzebsDsRS8jdi3/FiwdFvPoHvPlv3LQ5aOuDgcd7M8zMCxLOFNj2t7G0vLK6tl7ZqG5ube/smnv7HRWnktA2iXksewFWlDNB28CA014iKY4CTrvB+Krwu/dUKhaLO5gk1IvwULCQEQxa8s2aG2EYEcyzm9x3gT5AEGbjfOhnbpS6Is0vbN+s2w17CmuROCWpoxIt3/xyBzFJIyqAcKxU37ET8DIsgRFO86qbKppgMsZD2tdU4IgqL5v+kltHWhlYYSx1CbCm6u+JDEdKTaJAdxaXq3mvEP/z+imE517GRJICFWS2KEy5BbFVBGMNmKQE+EQTTCTTt1pkhCUmoOOr6hCc+ZcXSeek4dgN5/a03rws46igQ1RDx8hBZ6iJrlELtRFBj+gZvaI348l4Md6Nj1nrklHOHKA/MD5/AELZm8w=</latexit><latexit sha1_base64="5WhHOYVFrQ+2j6n1V3iBkHXjN2E=">AAACC3icbVBNS8NAEN34WetX1KOX0CJ4KokIehGKXjx4qGA/oAlhs920SzebsDsRS8jdi3/FiwdFvPoHvPlv3LQ5aOuDgcd7M8zMCxLOFNj2t7G0vLK6tl7ZqG5ube/smnv7HRWnktA2iXksewFWlDNB28CA014iKY4CTrvB+Krwu/dUKhaLO5gk1IvwULCQEQxa8s2aG2EYEcyzm9x3gT5AEGbjfOhnbpS6Is0vbN+s2w17CmuROCWpoxIt3/xyBzFJIyqAcKxU37ET8DIsgRFO86qbKppgMsZD2tdU4IgqL5v+kltHWhlYYSx1CbCm6u+JDEdKTaJAdxaXq3mvEP/z+imE517GRJICFWS2KEy5BbFVBGMNmKQE+EQTTCTTt1pkhCUmoOOr6hCc+ZcXSeek4dgN5/a03rws46igQ1RDx8hBZ6iJrlELtRFBj+gZvaI348l4Md6Nj1nrklHOHKA/MD5/AELZm8w=</latexit><latexit sha1_base64="5WhHOYVFrQ+2j6n1V3iBkHXjN2E=">AAACC3icbVBNS8NAEN34WetX1KOX0CJ4KokIehGKXjx4qGA/oAlhs920SzebsDsRS8jdi3/FiwdFvPoHvPlv3LQ5aOuDgcd7M8zMCxLOFNj2t7G0vLK6tl7ZqG5ube/smnv7HRWnktA2iXksewFWlDNB28CA014iKY4CTrvB+Krwu/dUKhaLO5gk1IvwULCQEQxa8s2aG2EYEcyzm9x3gT5AEGbjfOhnbpS6Is0vbN+s2w17CmuROCWpoxIt3/xyBzFJIyqAcKxU37ET8DIsgRFO86qbKppgMsZD2tdU4IgqL5v+kltHWhlYYSx1CbCm6u+JDEdKTaJAdxaXq3mvEP/z+imE517GRJICFWS2KEy5BbFVBGMNmKQE+EQTTCTTt1pkhCUmoOOr6hCc+ZcXSeek4dgN5/a03rws46igQ1RDx8hBZ6iJrlELtRFBj+gZvaI348l4Md6Nj1nrklHOHKA/MD5/AELZm8w=</latexit><latexit sha1_base64="5WhHOYVFrQ+2j6n1V3iBkHXjN2E=">AAACC3icbVBNS8NAEN34WetX1KOX0CJ4KokIehGKXjx4qGA/oAlhs920SzebsDsRS8jdi3/FiwdFvPoHvPlv3LQ5aOuDgcd7M8zMCxLOFNj2t7G0vLK6tl7ZqG5ube/smnv7HRWnktA2iXksewFWlDNB28CA014iKY4CTrvB+Krwu/dUKhaLO5gk1IvwULCQEQxa8s2aG2EYEcyzm9x3gT5AEGbjfOhnbpS6Is0vbN+s2w17CmuROCWpoxIt3/xyBzFJIyqAcKxU37ET8DIsgRFO86qbKppgMsZD2tdU4IgqL5v+kltHWhlYYSx1CbCm6u+JDEdKTaJAdxaXq3mvEP/z+imE517GRJICFWS2KEy5BbFVBGMNmKQE+EQTTCTTt1pkhCUmoOOr6hCc+ZcXSeek4dgN5/a03rws46igQ1RDx8hBZ6iJrlELtRFBj+gZvaI348l4Md6Nj1nrklHOHKA/MD5/AELZm8w=</latexit>
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• Higher-orders (hydrostatic)

 
+
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• Higher-orders (non-hydrostatic)

 



• Total transport coefficients:

>> 5 hydrostatic coefficients

>> 19 non-hydrostatic coefficients

>> Onsager reduces to 14



• Need to solve: Jµ + Jµ
ext = 0
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>> Blackfolds in Supergravity and String Theory (2011)
R. Emparan, T. Harmark, V. Niarchos & N. Obers

>> Thermal Giant Gravitons (2012)
JA, T. Harmark, N. Obers, M. Orselli & A. Pedersen

>> Higher-dimensional Rotating Charged Black Holes (2011)
M. Caldarelli, R. Emparan & B. Pol
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S. Grozdanov, D. M. Hofman & N. Iqbal

>> Relativistic magnetohydrodynamics (2017)
J. Hernandez & P. Kovtun

>> Dissipative string fluids (2014)
D. Schubring

>> EFT of MHD from generalised global symmetries (2018)
P. Glorioso & D.T. Son

>> Dissipative hydrodynamics with higher-form symmetry (2018)
JA, J. Gath, A. V. Pedersen & A. Jain

>> Magnetohydrodynamics as superfluidity (2018)
JA & A. Jain

>> One-form superfluids and magnetohydrodynamics (2018)
JA & A. Jain

>> A causal and stable model of MHD (2022)
JA & F. Camilloni
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>> Strong-field magnetohydrodynamics for neutron stars (2022)
S. Vardhan, S. Grozdanov, S. Leutheusser, H. Liu

>> Effective field theories of dissipative fluids with one-form symmetries (2024)
S. Vardhan, S. Grozdanov, S. Leutheusser & H. Liu

>> Approximate higher-form symmetries (2023)
JA & A. Jain

>> Causality in dissipative relativistic magnetohydrodynamics (2024)
R. Hoult & P. Kovtun

>> RMHD without Amperè’s law
R. Lier, A. Jain, JA, O. Porth
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• Maxwell’s equations

r[µF⌫⇢] = 0
<latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit><latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit><latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit><latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit>

rµF
µ⌫ = 0

<latexit sha1_base64="2AX2fDQQ6njSpjinvQC/kP78+8o=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMiKAboSiIywr2AZ1xyKSZNjTJDHkIZZiNv+LGhSJu/Qx3/o3pY6GtBy73cM69JPfEGaNKe963U1paXlldK69XNja3tnfc3b2WSo3EpIlTlspOjBRhVJCmppqRTiYJ4jEj7Xh4Pfbbj0Qqmop7PcpIyFFf0IRipK0UuQeBQDFDUcANvHnIbQuEKS69yK16NW8CuEj8GamCGRqR+xX0Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwnxxQwGOr9GCSSltCw4n6eyNHXKkRj+0kR3qg5r2x+J/XNTq5CHMqMqOJwNOHEsOgTuE4DdijkmDNRpYgLKn9K8QDJBHWNrOKDcGfP3mRtE5rvlfz786q9atZHGVwCI7ACfDBOaiDW9AATYBBAZ7BK3hznpwX5935mI6WnNnOPvgD5/MHRZ+WLg==</latexit><latexit sha1_base64="2AX2fDQQ6njSpjinvQC/kP78+8o=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMiKAboSiIywr2AZ1xyKSZNjTJDHkIZZiNv+LGhSJu/Qx3/o3pY6GtBy73cM69JPfEGaNKe963U1paXlldK69XNja3tnfc3b2WSo3EpIlTlspOjBRhVJCmppqRTiYJ4jEj7Xh4Pfbbj0Qqmop7PcpIyFFf0IRipK0UuQeBQDFDUcANvHnIbQuEKS69yK16NW8CuEj8GamCGRqR+xX0Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwnxxQwGOr9GCSSltCw4n6eyNHXKkRj+0kR3qg5r2x+J/XNTq5CHMqMqOJwNOHEsOgTuE4DdijkmDNRpYgLKn9K8QDJBHWNrOKDcGfP3mRtE5rvlfz786q9atZHGVwCI7ACfDBOaiDW9AATYBBAZ7BK3hznpwX5935mI6WnNnOPvgD5/MHRZ+WLg==</latexit><latexit sha1_base64="2AX2fDQQ6njSpjinvQC/kP78+8o=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMiKAboSiIywr2AZ1xyKSZNjTJDHkIZZiNv+LGhSJu/Qx3/o3pY6GtBy73cM69JPfEGaNKe963U1paXlldK69XNja3tnfc3b2WSo3EpIlTlspOjBRhVJCmppqRTiYJ4jEj7Xh4Pfbbj0Qqmop7PcpIyFFf0IRipK0UuQeBQDFDUcANvHnIbQuEKS69yK16NW8CuEj8GamCGRqR+xX0Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwnxxQwGOr9GCSSltCw4n6eyNHXKkRj+0kR3qg5r2x+J/XNTq5CHMqMqOJwNOHEsOgTuE4DdijkmDNRpYgLKn9K8QDJBHWNrOKDcGfP3mRtE5rvlfz786q9atZHGVwCI7ACfDBOaiDW9AATYBBAZ7BK3hznpwX5935mI6WnNnOPvgD5/MHRZ+WLg==</latexit><latexit sha1_base64="2AX2fDQQ6njSpjinvQC/kP78+8o=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMiKAboSiIywr2AZ1xyKSZNjTJDHkIZZiNv+LGhSJu/Qx3/o3pY6GtBy73cM69JPfEGaNKe963U1paXlldK69XNja3tnfc3b2WSo3EpIlTlspOjBRhVJCmppqRTiYJ4jEj7Xh4Pfbbj0Qqmop7PcpIyFFf0IRipK0UuQeBQDFDUcANvHnIbQuEKS69yK16NW8CuEj8GamCGRqR+xX0Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwnxxQwGOr9GCSSltCw4n6eyNHXKkRj+0kR3qg5r2x+J/XNTq5CHMqMqOJwNOHEsOgTuE4DdijkmDNRpYgLKn9K8QDJBHWNrOKDcGfP3mRtE5rvlfz786q9atZHGVwCI7ACfDBOaiDW9AATYBBAZ7BK3hznpwX5935mI6WnNnOPvgD5/MHRZ+WLg==</latexit>

“Dual Maxwell equations”

rµJ
µ⌫ = 0

<latexit sha1_base64="Cl389c6DU/BtjSduHNTT6nMUjzo=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRbBVUlE0I1QdCOuKtgHNDFMppN26MwkzEMoIW78FTcuFHHrX7jzb5y0WWjrgcs9nHMvM/dEKSVSue63tbC4tLyyWlmrrm9sbm3bO7ttmWiBcAslNBHdCEpMCcctRRTF3VRgyCKKO9HoqvA7D1hIkvA7NU5xwOCAk5ggqIwU2vs+hxGFYeYznd/cF83nOr9wQ7vm1t0JnHnilaQGSjRD+8vvJ0gzzBWiUMqe56YqyKBQBFGcV30tcQrRCA5wz1AOGZZBNrkgd46M0nfiRJjiypmovzcyyKQcs8hMMqiGctYrxP+8nlbxeZARnmqFOZo+FGvqqMQp4nD6RGCk6NgQiAQxf3XQEAqIlAmtakLwZk+eJ+2TuufWvdvTWuOyjKMCDsAhOAYeOAMNcA2aoAUQeATP4BW8WU/Wi/VufUxHF6xyZw/8gfX5A8c+lxQ=</latexit><latexit sha1_base64="Cl389c6DU/BtjSduHNTT6nMUjzo=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRbBVUlE0I1QdCOuKtgHNDFMppN26MwkzEMoIW78FTcuFHHrX7jzb5y0WWjrgcs9nHMvM/dEKSVSue63tbC4tLyyWlmrrm9sbm3bO7ttmWiBcAslNBHdCEpMCcctRRTF3VRgyCKKO9HoqvA7D1hIkvA7NU5xwOCAk5ggqIwU2vs+hxGFYeYznd/cF83nOr9wQ7vm1t0JnHnilaQGSjRD+8vvJ0gzzBWiUMqe56YqyKBQBFGcV30tcQrRCA5wz1AOGZZBNrkgd46M0nfiRJjiypmovzcyyKQcs8hMMqiGctYrxP+8nlbxeZARnmqFOZo+FGvqqMQp4nD6RGCk6NgQiAQxf3XQEAqIlAmtakLwZk+eJ+2TuufWvdvTWuOyjKMCDsAhOAYeOAMNcA2aoAUQeATP4BW8WU/Wi/VufUxHF6xyZw/8gfX5A8c+lxQ=</latexit><latexit sha1_base64="Cl389c6DU/BtjSduHNTT6nMUjzo=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRbBVUlE0I1QdCOuKtgHNDFMppN26MwkzEMoIW78FTcuFHHrX7jzb5y0WWjrgcs9nHMvM/dEKSVSue63tbC4tLyyWlmrrm9sbm3bO7ttmWiBcAslNBHdCEpMCcctRRTF3VRgyCKKO9HoqvA7D1hIkvA7NU5xwOCAk5ggqIwU2vs+hxGFYeYznd/cF83nOr9wQ7vm1t0JnHnilaQGSjRD+8vvJ0gzzBWiUMqe56YqyKBQBFGcV30tcQrRCA5wz1AOGZZBNrkgd46M0nfiRJjiypmovzcyyKQcs8hMMqiGctYrxP+8nlbxeZARnmqFOZo+FGvqqMQp4nD6RGCk6NgQiAQxf3XQEAqIlAmtakLwZk+eJ+2TuufWvdvTWuOyjKMCDsAhOAYeOAMNcA2aoAUQeATP4BW8WU/Wi/VufUxHF6xyZw/8gfX5A8c+lxQ=</latexit><latexit sha1_base64="Cl389c6DU/BtjSduHNTT6nMUjzo=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRbBVUlE0I1QdCOuKtgHNDFMppN26MwkzEMoIW78FTcuFHHrX7jzb5y0WWjrgcs9nHMvM/dEKSVSue63tbC4tLyyWlmrrm9sbm3bO7ttmWiBcAslNBHdCEpMCcctRRTF3VRgyCKKO9HoqvA7D1hIkvA7NU5xwOCAk5ggqIwU2vs+hxGFYeYznd/cF83nOr9wQ7vm1t0JnHnilaQGSjRD+8vvJ0gzzBWiUMqe56YqyKBQBFGcV30tcQrRCA5wz1AOGZZBNrkgd46M0nfiRJjiypmovzcyyKQcs8hMMqiGctYrxP+8nlbxeZARnmqFOZo+FGvqqMQp4nD6RGCk6NgQiAQxf3XQEAqIlAmtakLwZk+eJ+2TuufWvdvTWuOyjKMCDsAhOAYeOAMNcA2aoAUQeATP4BW8WU/Wi/VufUxHF6xyZw/8gfX5A8c+lxQ=</latexit>

Hence a 2-form dipole magnetic charge:

Jµ⌫ = ?Fµ⌫
<latexit sha1_base64="UhAyTpeSKFWhO9grFh8XgdVjgBk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi6EYoCiKuKthaaGKZTCft0JlJmIdQQhdu/BU3LhRx60e482+ctkG09cCFwzn3cu89Ucqo0p735RQWFpeWV4qrpbX1jc0td3unqRIjMWnghCWyFSFFGBWkoalmpJVKgnjEyG00OB/7t/dEKpqIGz1MSchRT9CYYqSt1HHLV3dZwE0gzOg0UBpJePEjdNyKV/UmgPPEz0kF5Kh33M+gm2DDidCYIaXavpfqMENSU8zIqBQYRVKEB6hH2pYKxIkKs8kTI7hvlS6ME2lLaDhRf09kiCs15JHt5Ej31aw3Fv/z2kbHJ2FGRWo0EXi6KDYM6gSOE4FdKgnWbGgJwpLaWyHuI4mwtrmVbAj+7MvzpHlY9b2qf31UqZ3lcRRBGeyBA+CDY1ADl6AOGgCDB/AEXsCr8+g8O2/O+7S14OQzu+APnI9vHUKYYg==</latexit><latexit sha1_base64="UhAyTpeSKFWhO9grFh8XgdVjgBk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi6EYoCiKuKthaaGKZTCft0JlJmIdQQhdu/BU3LhRx60e482+ctkG09cCFwzn3cu89Ucqo0p735RQWFpeWV4qrpbX1jc0td3unqRIjMWnghCWyFSFFGBWkoalmpJVKgnjEyG00OB/7t/dEKpqIGz1MSchRT9CYYqSt1HHLV3dZwE0gzOg0UBpJePEjdNyKV/UmgPPEz0kF5Kh33M+gm2DDidCYIaXavpfqMENSU8zIqBQYRVKEB6hH2pYKxIkKs8kTI7hvlS6ME2lLaDhRf09kiCs15JHt5Ej31aw3Fv/z2kbHJ2FGRWo0EXi6KDYM6gSOE4FdKgnWbGgJwpLaWyHuI4mwtrmVbAj+7MvzpHlY9b2qf31UqZ3lcRRBGeyBA+CDY1ADl6AOGgCDB/AEXsCr8+g8O2/O+7S14OQzu+APnI9vHUKYYg==</latexit><latexit sha1_base64="UhAyTpeSKFWhO9grFh8XgdVjgBk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi6EYoCiKuKthaaGKZTCft0JlJmIdQQhdu/BU3LhRx60e482+ctkG09cCFwzn3cu89Ucqo0p735RQWFpeWV4qrpbX1jc0td3unqRIjMWnghCWyFSFFGBWkoalmpJVKgnjEyG00OB/7t/dEKpqIGz1MSchRT9CYYqSt1HHLV3dZwE0gzOg0UBpJePEjdNyKV/UmgPPEz0kF5Kh33M+gm2DDidCYIaXavpfqMENSU8zIqBQYRVKEB6hH2pYKxIkKs8kTI7hvlS6ME2lLaDhRf09kiCs15JHt5Ej31aw3Fv/z2kbHJ2FGRWo0EXi6KDYM6gSOE4FdKgnWbGgJwpLaWyHuI4mwtrmVbAj+7MvzpHlY9b2qf31UqZ3lcRRBGeyBA+CDY1ADl6AOGgCDB/AEXsCr8+g8O2/O+7S14OQzu+APnI9vHUKYYg==</latexit><latexit sha1_base64="UhAyTpeSKFWhO9grFh8XgdVjgBk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi6EYoCiKuKthaaGKZTCft0JlJmIdQQhdu/BU3LhRx60e482+ctkG09cCFwzn3cu89Ucqo0p735RQWFpeWV4qrpbX1jc0td3unqRIjMWnghCWyFSFFGBWkoalmpJVKgnjEyG00OB/7t/dEKpqIGz1MSchRT9CYYqSt1HHLV3dZwE0gzOg0UBpJePEjdNyKV/UmgPPEz0kF5Kh33M+gm2DDidCYIaXavpfqMENSU8zIqBQYRVKEB6hH2pYKxIkKs8kTI7hvlS6ME2lLaDhRf09kiCs15JHt5Ej31aw3Fv/z2kbHJ2FGRWo0EXi6KDYM6gSOE4FdKgnWbGgJwpLaWyHuI4mwtrmVbAj+7MvzpHlY9b2qf31UqZ3lcRRBGeyBA+CDY1ADl6AOGgCDB/AEXsCr8+g8O2/O+7S14OQzu+APnI9vHUKYYg==</latexit>

d ? F = 0
<latexit sha1_base64="qdQGfyJkrZI9EzClIBRMH6AempU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjBfuBbSibzbZdutmE3YlQQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnCccD+iAyX6glG00mPYNUg1ub1ye+WKW3VnIMvEy0kFctR75a9uGLM04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2YXT8iJVULSj7UthWSm/p7IaGTMOApsZ0RxaBa9qfif10mxf+lnQiUpcsXmi/qpJBiT6fskFJozlGNLKNPC3krYkGrK0IZUsiF4iy8vk+ZZ1XOr3v15pXadx1GEIziGU/DgAmpwB3VoAAMFz/AKb45xXpx352PeWnDymUP4A+fzB47KkCs=</latexit><latexit sha1_base64="qdQGfyJkrZI9EzClIBRMH6AempU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjBfuBbSibzbZdutmE3YlQQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnCccD+iAyX6glG00mPYNUg1ub1ye+WKW3VnIMvEy0kFctR75a9uGLM04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2YXT8iJVULSj7UthWSm/p7IaGTMOApsZ0RxaBa9qfif10mxf+lnQiUpcsXmi/qpJBiT6fskFJozlGNLKNPC3krYkGrK0IZUsiF4iy8vk+ZZ1XOr3v15pXadx1GEIziGU/DgAmpwB3VoAAMFz/AKb45xXpx352PeWnDymUP4A+fzB47KkCs=</latexit><latexit sha1_base64="qdQGfyJkrZI9EzClIBRMH6AempU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjBfuBbSibzbZdutmE3YlQQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnCccD+iAyX6glG00mPYNUg1ub1ye+WKW3VnIMvEy0kFctR75a9uGLM04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2YXT8iJVULSj7UthWSm/p7IaGTMOApsZ0RxaBa9qfif10mxf+lnQiUpcsXmi/qpJBiT6fskFJozlGNLKNPC3krYkGrK0IZUsiF4iy8vk+ZZ1XOr3v15pXadx1GEIziGU/DgAmpwB3VoAAMFz/AKb45xXpx352PeWnDymUP4A+fzB47KkCs=</latexit><latexit sha1_base64="qdQGfyJkrZI9EzClIBRMH6AempU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjBfuBbSibzbZdutmE3YlQQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnCccD+iAyX6glG00mPYNUg1ub1ye+WKW3VnIMvEy0kFctR75a9uGLM04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2YXT8iJVULSj7UthWSm/p7IaGTMOApsZ0RxaBa9qfif10mxf+lnQiUpcsXmi/qpJBiT6fskFJozlGNLKNPC3krYkGrK0IZUsiF4iy8vk+ZZ1XOr3v15pXadx1GEIziGU/DgAmpwB3VoAAMFz/AKb45xXpx352PeWnDymUP4A+fzB47KkCs=</latexit> dF = 0

<latexit sha1_base64="QAE5HQMCoVTZUgc2LVwaYgoefaA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBehKIjHCvYD2lA2m027dHcTdjdCCf0LXjwo4tU/5M1/46bNQVsfDDzem2FmXpBwpo3rfjultfWNza3ydmVnd2//oHp41NFxqghtk5jHqhdgTTmTtG2Y4bSXKIpFwGk3mNzmfveJKs1i+WimCfUFHkkWMYJNLoV31+6wWnPr7hxolXgFqUGB1rD6NQhjkgoqDeFY677nJsbPsDKMcDqrDFJNE0wmeET7lkosqPaz+a0zdGaVEEWxsiUNmqu/JzIstJ6KwHYKbMZ62cvF/7x+aqIrP2MySQ2VZLEoSjkyMcofRyFTlBg+tQQTxeytiIyxwsTYeCo2BG/55VXSuah7bt17uKw1b4o4ynACp3AOHjSgCffQgjYQGMMzvMKbI5wX5935WLSWnGLmGP7A+fwBR/qNuQ==</latexit><latexit sha1_base64="QAE5HQMCoVTZUgc2LVwaYgoefaA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBehKIjHCvYD2lA2m027dHcTdjdCCf0LXjwo4tU/5M1/46bNQVsfDDzem2FmXpBwpo3rfjultfWNza3ydmVnd2//oHp41NFxqghtk5jHqhdgTTmTtG2Y4bSXKIpFwGk3mNzmfveJKs1i+WimCfUFHkkWMYJNLoV31+6wWnPr7hxolXgFqUGB1rD6NQhjkgoqDeFY677nJsbPsDKMcDqrDFJNE0wmeET7lkosqPaz+a0zdGaVEEWxsiUNmqu/JzIstJ6KwHYKbMZ62cvF/7x+aqIrP2MySQ2VZLEoSjkyMcofRyFTlBg+tQQTxeytiIyxwsTYeCo2BG/55VXSuah7bt17uKw1b4o4ynACp3AOHjSgCffQgjYQGMMzvMKbI5wX5935WLSWnGLmGP7A+fwBR/qNuQ==</latexit><latexit sha1_base64="QAE5HQMCoVTZUgc2LVwaYgoefaA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBehKIjHCvYD2lA2m027dHcTdjdCCf0LXjwo4tU/5M1/46bNQVsfDDzem2FmXpBwpo3rfjultfWNza3ydmVnd2//oHp41NFxqghtk5jHqhdgTTmTtG2Y4bSXKIpFwGk3mNzmfveJKs1i+WimCfUFHkkWMYJNLoV31+6wWnPr7hxolXgFqUGB1rD6NQhjkgoqDeFY677nJsbPsDKMcDqrDFJNE0wmeET7lkosqPaz+a0zdGaVEEWxsiUNmqu/JzIstJ6KwHYKbMZ62cvF/7x+aqIrP2MySQ2VZLEoSjkyMcofRyFTlBg+tQQTxeytiIyxwsTYeCo2BG/55VXSuah7bt17uKw1b4o4ynACp3AOHjSgCffQgjYQGMMzvMKbI5wX5935WLSWnGLmGP7A+fwBR/qNuQ==</latexit><latexit sha1_base64="QAE5HQMCoVTZUgc2LVwaYgoefaA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBehKIjHCvYD2lA2m027dHcTdjdCCf0LXjwo4tU/5M1/46bNQVsfDDzem2FmXpBwpo3rfjultfWNza3ydmVnd2//oHp41NFxqghtk5jHqhdgTTmTtG2Y4bSXKIpFwGk3mNzmfveJKs1i+WimCfUFHkkWMYJNLoV31+6wWnPr7hxolXgFqUGB1rD6NQhjkgoqDeFY677nJsbPsDKMcDqrDFJNE0wmeET7lkosqPaz+a0zdGaVEEWxsiUNmqu/JzIstJ6KwHYKbMZ62cvF/7x+aqIrP2MySQ2VZLEoSjkyMcofRyFTlBg+tQQTxeytiIyxwsTYeCo2BG/55VXSuah7bt17uKw1b4o4ynACp3AOHjSgCffQgjYQGMMzvMKbI5wX5935WLSWnGLmGP7A+fwBR/qNuQ==</latexit>

r[µJ⌫⇢] = 0
<latexit sha1_base64="lewc4g9H7twy7RKFvcC12ccL5Rc=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMU3YirCvYBSQiT6aQdOpkJ8xBKyMKNv+LGhSJu/Qh3/o3TNgttPXDhcM693HtPnFEilet+W5WV1bX1jepmbWt7Z3fP3j/oSq4Fwh3EKRf9GEpMCcMdRRTF/UxgmMYU9+Lx9dTvPWAhCWf3apLhMIVDRhKCoDJSZNcDBmMKo9wPUl3cRnnAdCBGPCwu3chuuE13BmeZeCVpgBLtyP4KBhzpFDOFKJTS99xMhTkUiiCKi1qgJc4gGsMh9g1lMMUyzGdPFM6xUQZOwoUpppyZ+nsih6mUkzQ2nSlUI7noTcX/PF+r5CLMCcu0wgzNFyWaOoo700ScAREYKToxBCJBzK0OGkEBkTK51UwI3uLLy6R72vTcpnd31mhdlXFUQR0cgRPggXPQAjegDToAgUfwDF7Bm/VkvVjv1se8tWKVM4fgD6zPHwj7mFI=</latexit><latexit sha1_base64="lewc4g9H7twy7RKFvcC12ccL5Rc=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMU3YirCvYBSQiT6aQdOpkJ8xBKyMKNv+LGhSJu/Qh3/o3TNgttPXDhcM693HtPnFEilet+W5WV1bX1jepmbWt7Z3fP3j/oSq4Fwh3EKRf9GEpMCcMdRRTF/UxgmMYU9+Lx9dTvPWAhCWf3apLhMIVDRhKCoDJSZNcDBmMKo9wPUl3cRnnAdCBGPCwu3chuuE13BmeZeCVpgBLtyP4KBhzpFDOFKJTS99xMhTkUiiCKi1qgJc4gGsMh9g1lMMUyzGdPFM6xUQZOwoUpppyZ+nsih6mUkzQ2nSlUI7noTcX/PF+r5CLMCcu0wgzNFyWaOoo700ScAREYKToxBCJBzK0OGkEBkTK51UwI3uLLy6R72vTcpnd31mhdlXFUQR0cgRPggXPQAjegDToAgUfwDF7Bm/VkvVjv1se8tWKVM4fgD6zPHwj7mFI=</latexit><latexit sha1_base64="lewc4g9H7twy7RKFvcC12ccL5Rc=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMU3YirCvYBSQiT6aQdOpkJ8xBKyMKNv+LGhSJu/Qh3/o3TNgttPXDhcM693HtPnFEilet+W5WV1bX1jepmbWt7Z3fP3j/oSq4Fwh3EKRf9GEpMCcMdRRTF/UxgmMYU9+Lx9dTvPWAhCWf3apLhMIVDRhKCoDJSZNcDBmMKo9wPUl3cRnnAdCBGPCwu3chuuE13BmeZeCVpgBLtyP4KBhzpFDOFKJTS99xMhTkUiiCKi1qgJc4gGsMh9g1lMMUyzGdPFM6xUQZOwoUpppyZ+nsih6mUkzQ2nSlUI7noTcX/PF+r5CLMCcu0wgzNFyWaOoo700ScAREYKToxBCJBzK0OGkEBkTK51UwI3uLLy6R72vTcpnd31mhdlXFUQR0cgRPggXPQAjegDToAgUfwDF7Bm/VkvVjv1se8tWKVM4fgD6zPHwj7mFI=</latexit><latexit sha1_base64="lewc4g9H7twy7RKFvcC12ccL5Rc=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMU3YirCvYBSQiT6aQdOpkJ8xBKyMKNv+LGhSJu/Qh3/o3TNgttPXDhcM693HtPnFEilet+W5WV1bX1jepmbWt7Z3fP3j/oSq4Fwh3EKRf9GEpMCcMdRRTF/UxgmMYU9+Lx9dTvPWAhCWf3apLhMIVDRhKCoDJSZNcDBmMKo9wPUl3cRnnAdCBGPCwu3chuuE13BmeZeCVpgBLtyP4KBhzpFDOFKJTS99xMhTkUiiCKi1qgJc4gGsMh9g1lMMUyzGdPFM6xUQZOwoUpppyZ+nsih6mUkzQ2nSlUI7noTcX/PF+r5CLMCcu0wgzNFyWaOoo700ScAREYKToxBCJBzK0OGkEBkTK51UwI3uLLy6R72vTcpnd31mhdlXFUQR0cgRPggXPQAjegDToAgUfwDF7Bm/VkvVjv1se8tWKVM4fgD6zPHwj7mFI=</latexit>

Q =

Z

M2

?J
<latexit sha1_base64="mqIPMhBiT0VZ3I9/zrMhuC0nndU=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQS9C0YsIQgv2A5oSNtttu3SzCbsTIYT6V7x4UMSrP8Sb/8Ztm4O2Phh4vDfDzLwgFlyD43xbhbX1jc2t4nZpZ3dv/8A+PGrrKFGUtWgkItUNiGaCS9YCDoJ1Y8VIGAjWCSY3M7/zyJTmkXyANGb9kIwkH3JKwEi+XW5eeVyCn937tamngSh859sVp+rMgVeJm5MKytHw7S9vENEkZBKoIFr3XCeGfkYUcCrYtOQlmsWETsiI9QyVJGS6n82Pn+JTowzwMFKmJOC5+nsiI6HWaRiYzpDAWC97M/E/r5fA8LKfcRknwCRdLBomAkOEZ0ngAVeMgkgNIVRxcyumY6IIBZNXyYTgLr+8Stq1qutU3eZ5pX6dx1FEx+gEnSEXXaA6ukUN1EIUpegZvaI368l6sd6tj0VrwcpnyugPrM8f/CyUUw==</latexit><latexit sha1_base64="mqIPMhBiT0VZ3I9/zrMhuC0nndU=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQS9C0YsIQgv2A5oSNtttu3SzCbsTIYT6V7x4UMSrP8Sb/8Ztm4O2Phh4vDfDzLwgFlyD43xbhbX1jc2t4nZpZ3dv/8A+PGrrKFGUtWgkItUNiGaCS9YCDoJ1Y8VIGAjWCSY3M7/zyJTmkXyANGb9kIwkH3JKwEi+XW5eeVyCn937tamngSh859sVp+rMgVeJm5MKytHw7S9vENEkZBKoIFr3XCeGfkYUcCrYtOQlmsWETsiI9QyVJGS6n82Pn+JTowzwMFKmJOC5+nsiI6HWaRiYzpDAWC97M/E/r5fA8LKfcRknwCRdLBomAkOEZ0ngAVeMgkgNIVRxcyumY6IIBZNXyYTgLr+8Stq1qutU3eZ5pX6dx1FEx+gEnSEXXaA6ukUN1EIUpegZvaI368l6sd6tj0VrwcpnyugPrM8f/CyUUw==</latexit><latexit sha1_base64="mqIPMhBiT0VZ3I9/zrMhuC0nndU=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQS9C0YsIQgv2A5oSNtttu3SzCbsTIYT6V7x4UMSrP8Sb/8Ztm4O2Phh4vDfDzLwgFlyD43xbhbX1jc2t4nZpZ3dv/8A+PGrrKFGUtWgkItUNiGaCS9YCDoJ1Y8VIGAjWCSY3M7/zyJTmkXyANGb9kIwkH3JKwEi+XW5eeVyCn937tamngSh859sVp+rMgVeJm5MKytHw7S9vENEkZBKoIFr3XCeGfkYUcCrYtOQlmsWETsiI9QyVJGS6n82Pn+JTowzwMFKmJOC5+nsiI6HWaRiYzpDAWC97M/E/r5fA8LKfcRknwCRdLBomAkOEZ0ngAVeMgkgNIVRxcyumY6IIBZNXyYTgLr+8Stq1qutU3eZ5pX6dx1FEx+gEnSEXXaA6ukUN1EIUpegZvaI368l6sd6tj0VrwcpnyugPrM8f/CyUUw==</latexit><latexit sha1_base64="mqIPMhBiT0VZ3I9/zrMhuC0nndU=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQS9C0YsIQgv2A5oSNtttu3SzCbsTIYT6V7x4UMSrP8Sb/8Ztm4O2Phh4vDfDzLwgFlyD43xbhbX1jc2t4nZpZ3dv/8A+PGrrKFGUtWgkItUNiGaCS9YCDoJ1Y8VIGAjWCSY3M7/zyJTmkXyANGb9kIwkH3JKwEi+XW5eeVyCn937tamngSh859sVp+rMgVeJm5MKytHw7S9vENEkZBKoIFr3XCeGfkYUcCrYtOQlmsWETsiI9QyVJGS6n82Pn+JTowzwMFKmJOC5+nsiI6HWaRiYzpDAWC97M/E/r5fA8LKfcRknwCRdLBomAkOEZ0ngAVeMgkgNIVRxcyumY6IIBZNXyYTgLr+8Stq1qutU3eZ5pX6dx1FEx+gEnSEXXaA6ukUN1EIUpegZvaI368l6sd6tj0VrwcpnyugPrM8f/CyUUw==</latexit>

Global U(1) 1-form 
magnetic symmetry
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L
• MHD Equations of motion

r[µF⌫⇢] = 0
<latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit><latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit><latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit><latexit sha1_base64="t+kx2IyKO4Q5kFCYztK6tUuwc38=">AAACBHicbVDLSsNAFJ3UV62vqMtugkVwVRIRdCMUBXFZwT4gCWEynbRDJzNhHkIJWbjxV9y4UMStH+HOv3HaZqGtBy4czrmXe++JM0qkct1vq7Kyura+Ud2sbW3v7O7Z+wddybVAuIM45aIfQ4kpYbijiKK4nwkM05jiXjy+nvq9Bywk4exeTTIcpnDISEIQVEaK7HrAYExhlPtBqoubKA+YDsSIh8WlG9kNt+nO4CwTryQNUKId2V/BgCOdYqYQhVL6npupMIdCEURxUQu0xBlEYzjEvqEMpliG+eyJwjk2ysBJuDDFlDNTf0/kMJVyksamM4VqJBe9qfif52uVXIQ5YZlWmKH5okRTR3FnmogzIAIjRSeGQCSIudVBIyggUia3mgnBW3x5mXRPm57b9O7OGq2rMo4qqIMjcAI8cA5a4Ba0QQcg8AiewSt4s56sF+vd+pi3Vqxy5hD8gfX5AwK3mE4=</latexit>

Jµ + Jµ
ext = 0

<latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit><latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit><latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit><latexit sha1_base64="29RsoOeoxeKTDF/ogV63aLcoVKQ=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCUBIRdCMU3YirCvYBTQyT6aQdOpOEmRuxhOzc+CtuXCji1l9w5984bbPQ1gOXOZxzL3fuCRLOFNj2tzE3v7C4tFxaKa+urW9smlvbTRWnktAGiXks2wFWlLOINoABp+1EUiwCTlvB4HLkt+6pVCyObmGYUE/gXsRCRjBoyTf3ru8yV6T5UfH6mQv0ATJdeX5u+2bFrtpjWLPEKUgFFaj75pfbjUkqaASEY6U6jp2Al2EJjHCal91U0QSTAe7RjqYRFlR52fiO3DrQStcKY6krAmus/p7IsFBqKALdKTD01bQ3Ev/zOimEZ17GoiQFGpHJojDlFsTWKBSryyQlwIeaYCKZ/qtF+lhiAjq6sg7BmT55ljSPq45ddW5OKrWLIo4S2kX76BA56BTV0BWqowYi6BE9o1f0ZjwZL8a78TFpnTOKmR30B8bnD9mMmew=</latexit>

rµT
µ⌫ = Fµ⌫Jµ

<latexit sha1_base64="tI1yLvdW8ECijrRFNSmdyiZqFeM=">AAACEHicbZBNS8MwGMfT+TbnW9Wjl+AQPY1WBL0IQ0HE04S9wVpLmqVbWJqWJBVG6Ufw4lfx4kERrx69+W1MtyK6+UDIj///eUievx8zKpVlfRmlhcWl5ZXyamVtfWNzy9zeacsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH13mfueeCEkj3lTjmLghGnAaUIyUljzz0OHIZ8hzwgQ271J9OTzJzq9+8MbLKfPMqlWzJgXnwS6gCopqeOan049wEhKuMENS9mwrVm6KhKKYkaziJJLECI/QgPQ0chQS6aaThTJ4oJU+DCKhD1dwov6eSFEo5Tj0dWeI1FDOern4n9dLVHDmppTHiSIcTx8KEgZVBPN0YJ8KghUba0BYUP1XiIdIIKx0hhUdgj278jy0j2u2VbNvT6r1iyKOMtgD++AI2OAU1ME1aIAWwOABPIEX8Go8Gs/Gm/E+bS0Zxcwu+FPGxze0vp2k</latexit><latexit sha1_base64="tI1yLvdW8ECijrRFNSmdyiZqFeM=">AAACEHicbZBNS8MwGMfT+TbnW9Wjl+AQPY1WBL0IQ0HE04S9wVpLmqVbWJqWJBVG6Ufw4lfx4kERrx69+W1MtyK6+UDIj///eUievx8zKpVlfRmlhcWl5ZXyamVtfWNzy9zeacsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH13mfueeCEkj3lTjmLghGnAaUIyUljzz0OHIZ8hzwgQ271J9OTzJzq9+8MbLKfPMqlWzJgXnwS6gCopqeOan049wEhKuMENS9mwrVm6KhKKYkaziJJLECI/QgPQ0chQS6aaThTJ4oJU+DCKhD1dwov6eSFEo5Tj0dWeI1FDOern4n9dLVHDmppTHiSIcTx8KEgZVBPN0YJ8KghUba0BYUP1XiIdIIKx0hhUdgj278jy0j2u2VbNvT6r1iyKOMtgD++AI2OAU1ME1aIAWwOABPIEX8Go8Gs/Gm/E+bS0Zxcwu+FPGxze0vp2k</latexit><latexit sha1_base64="tI1yLvdW8ECijrRFNSmdyiZqFeM=">AAACEHicbZBNS8MwGMfT+TbnW9Wjl+AQPY1WBL0IQ0HE04S9wVpLmqVbWJqWJBVG6Ufw4lfx4kERrx69+W1MtyK6+UDIj///eUievx8zKpVlfRmlhcWl5ZXyamVtfWNzy9zeacsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH13mfueeCEkj3lTjmLghGnAaUIyUljzz0OHIZ8hzwgQ271J9OTzJzq9+8MbLKfPMqlWzJgXnwS6gCopqeOan049wEhKuMENS9mwrVm6KhKKYkaziJJLECI/QgPQ0chQS6aaThTJ4oJU+DCKhD1dwov6eSFEo5Tj0dWeI1FDOern4n9dLVHDmppTHiSIcTx8KEgZVBPN0YJ8KghUba0BYUP1XiIdIIKx0hhUdgj278jy0j2u2VbNvT6r1iyKOMtgD++AI2OAU1ME1aIAWwOABPIEX8Go8Gs/Gm/E+bS0Zxcwu+FPGxze0vp2k</latexit><latexit sha1_base64="tI1yLvdW8ECijrRFNSmdyiZqFeM=">AAACEHicbZBNS8MwGMfT+TbnW9Wjl+AQPY1WBL0IQ0HE04S9wVpLmqVbWJqWJBVG6Ufw4lfx4kERrx69+W1MtyK6+UDIj///eUievx8zKpVlfRmlhcWl5ZXyamVtfWNzy9zeacsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH13mfueeCEkj3lTjmLghGnAaUIyUljzz0OHIZ8hzwgQ271J9OTzJzq9+8MbLKfPMqlWzJgXnwS6gCopqeOan049wEhKuMENS9mwrVm6KhKKYkaziJJLECI/QgPQ0chQS6aaThTJ4oJU+DCKhD1dwov6eSFEo5Tj0dWeI1FDOern4n9dLVHDmppTHiSIcTx8KEgZVBPN0YJ8KghUba0BYUP1XiIdIIKx0hhUdgj278jy0j2u2VbNvT6r1iyKOMtgD++AI2OAU1ME1aIAWwOABPIEX8Go8Gs/Gm/E+bS0Zxcwu+FPGxze0vp2k</latexit>

Given that Maxwell equations can be solved 
one can formulate the theory simply as:

rµJ
µ
ext = 0

<latexit sha1_base64="ZAl9GChX9e0X4hT8+ouOl8mxqL8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCqJCLoRim7EVQX7gCaGyXTSDp1MwsxELKFu/BU3LhRx61+482+cPhbaeuBeDufcy8w9YcqZ0o7zbRUWFpeWV4qrpbX1jc0te3unoZJMElonCU9kK8SKciZoXTPNaSuVFMchp82wfznym/dUKpaIWz1IqR/jrmARI1gbKbD3PIFDjgMvztD1nelBTh/08NwJ7LJTccZA88SdkjJMUQvsL6+TkCymQhOOlWq7Tqr9HEvNCKfDkpcpmmLSx13aNlTgmCo/H18wRIdG6aAokaaERmP190aOY6UGcWgmY6x7atYbif957UxHZ37ORJppKsjkoSjjSCdoFAfqMEmJ5gNDMJHM/BWRHpaYaBNayYTgzp48TxrHFdepuDcn5erFNI4i7MMBHIELp1CFK6hBHQg8wjO8wpv1ZL1Y79bHZLRgTXd24Q+szx8lEpat</latexit><latexit sha1_base64="ZAl9GChX9e0X4hT8+ouOl8mxqL8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCqJCLoRim7EVQX7gCaGyXTSDp1MwsxELKFu/BU3LhRx61+482+cPhbaeuBeDufcy8w9YcqZ0o7zbRUWFpeWV4qrpbX1jc0te3unoZJMElonCU9kK8SKciZoXTPNaSuVFMchp82wfznym/dUKpaIWz1IqR/jrmARI1gbKbD3PIFDjgMvztD1nelBTh/08NwJ7LJTccZA88SdkjJMUQvsL6+TkCymQhOOlWq7Tqr9HEvNCKfDkpcpmmLSx13aNlTgmCo/H18wRIdG6aAokaaERmP190aOY6UGcWgmY6x7atYbif957UxHZ37ORJppKsjkoSjjSCdoFAfqMEmJ5gNDMJHM/BWRHpaYaBNayYTgzp48TxrHFdepuDcn5erFNI4i7MMBHIELp1CFK6hBHQg8wjO8wpv1ZL1Y79bHZLRgTXd24Q+szx8lEpat</latexit><latexit sha1_base64="ZAl9GChX9e0X4hT8+ouOl8mxqL8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCqJCLoRim7EVQX7gCaGyXTSDp1MwsxELKFu/BU3LhRx61+482+cPhbaeuBeDufcy8w9YcqZ0o7zbRUWFpeWV4qrpbX1jc0te3unoZJMElonCU9kK8SKciZoXTPNaSuVFMchp82wfznym/dUKpaIWz1IqR/jrmARI1gbKbD3PIFDjgMvztD1nelBTh/08NwJ7LJTccZA88SdkjJMUQvsL6+TkCymQhOOlWq7Tqr9HEvNCKfDkpcpmmLSx13aNlTgmCo/H18wRIdG6aAokaaERmP190aOY6UGcWgmY6x7atYbif957UxHZ37ORJppKsjkoSjjSCdoFAfqMEmJ5gNDMJHM/BWRHpaYaBNayYTgzp48TxrHFdepuDcn5erFNI4i7MMBHIELp1CFK6hBHQg8wjO8wpv1ZL1Y79bHZLRgTXd24Q+szx8lEpat</latexit><latexit sha1_base64="ZAl9GChX9e0X4hT8+ouOl8mxqL8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCqJCLoRim7EVQX7gCaGyXTSDp1MwsxELKFu/BU3LhRx61+482+cPhbaeuBeDufcy8w9YcqZ0o7zbRUWFpeWV4qrpbX1jc0te3unoZJMElonCU9kK8SKciZoXTPNaSuVFMchp82wfznym/dUKpaIWz1IqR/jrmARI1gbKbD3PIFDjgMvztD1nelBTh/08NwJ7LJTccZA88SdkjJMUQvsL6+TkCymQhOOlWq7Tqr9HEvNCKfDkpcpmmLSx13aNlTgmCo/H18wRIdG6aAokaaERmP190aOY6UGcWgmY6x7atYbif957UxHZ37ORJppKsjkoSjjSCdoFAfqMEmJ5gNDMJHM/BWRHpaYaBNayYTgzp48TxrHFdepuDcn5erFNI4i7MMBHIELp1CFK6hBHQg8wjO8wpv1ZL1Y79bHZLRgTXd24Q+szx8lEpat</latexit>

rµT
µ⌫ =

1

2
H

⌫�⇢
J�⇢

<latexit sha1_base64="dATHct7DA9Idh1s8z8FujOM4ftU=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUYE3Qiim+KqQl/QqcOdNNMGM5khD6EM8z9u/BUXuvCBW//D9LGorQdCTs65N8k9YcqZ0q776Swtr6yurRc2iptb2zu7pb39pkqMJLRBEp7IdgiKciZoQzPNaTuVFOKQ01b4cDPyW49UKpaIuh6mtBtDX7CIEdBWCkrXvoCQQ+DHBtfvM7v5wuSXfiSBZF6eneZVqwrjc3tnD3w5SPLbIJs9BqWyW3HHwIvEm5IymqIWlF79XkJMTIUmHJTqeG6quxlIzQinedE3iqZAHqBPO5YKiKnqZuNZc3xslR6OEmmX0HisznZkECs1jENbGYMeqHlvJP7ndYyOLroZE6nRVJDJQ5HhWCd4FBzuMUmJ5kNLgEhm/4rJAGxM2sZbtCF48yMvkuZpxXMr3t1Z+ep6GkcBHaIjdII8dI6uUBXVUAMR9IRe0Dv6cJ6dN+fL+Z6ULjnTngP0B87PL9VfqUc=</latexit><latexit sha1_base64="dATHct7DA9Idh1s8z8FujOM4ftU=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUYE3Qiim+KqQl/QqcOdNNMGM5khD6EM8z9u/BUXuvCBW//D9LGorQdCTs65N8k9YcqZ0q776Swtr6yurRc2iptb2zu7pb39pkqMJLRBEp7IdgiKciZoQzPNaTuVFOKQ01b4cDPyW49UKpaIuh6mtBtDX7CIEdBWCkrXvoCQQ+DHBtfvM7v5wuSXfiSBZF6eneZVqwrjc3tnD3w5SPLbIJs9BqWyW3HHwIvEm5IymqIWlF79XkJMTIUmHJTqeG6quxlIzQinedE3iqZAHqBPO5YKiKnqZuNZc3xslR6OEmmX0HisznZkECs1jENbGYMeqHlvJP7ndYyOLroZE6nRVJDJQ5HhWCd4FBzuMUmJ5kNLgEhm/4rJAGxM2sZbtCF48yMvkuZpxXMr3t1Z+ep6GkcBHaIjdII8dI6uUBXVUAMR9IRe0Dv6cJ6dN+fL+Z6ULjnTngP0B87PL9VfqUc=</latexit><latexit sha1_base64="dATHct7DA9Idh1s8z8FujOM4ftU=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUYE3Qiim+KqQl/QqcOdNNMGM5khD6EM8z9u/BUXuvCBW//D9LGorQdCTs65N8k9YcqZ0q776Swtr6yurRc2iptb2zu7pb39pkqMJLRBEp7IdgiKciZoQzPNaTuVFOKQ01b4cDPyW49UKpaIuh6mtBtDX7CIEdBWCkrXvoCQQ+DHBtfvM7v5wuSXfiSBZF6eneZVqwrjc3tnD3w5SPLbIJs9BqWyW3HHwIvEm5IymqIWlF79XkJMTIUmHJTqeG6quxlIzQinedE3iqZAHqBPO5YKiKnqZuNZc3xslR6OEmmX0HisznZkECs1jENbGYMeqHlvJP7ndYyOLroZE6nRVJDJQ5HhWCd4FBzuMUmJ5kNLgEhm/4rJAGxM2sZbtCF48yMvkuZpxXMr3t1Z+ep6GkcBHaIjdII8dI6uUBXVUAMR9IRe0Dv6cJ6dN+fL+Z6ULjnTngP0B87PL9VfqUc=</latexit><latexit sha1_base64="dATHct7DA9Idh1s8z8FujOM4ftU=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZUYE3Qiim+KqQl/QqcOdNNMGM5khD6EM8z9u/BUXuvCBW//D9LGorQdCTs65N8k9YcqZ0q776Swtr6yurRc2iptb2zu7pb39pkqMJLRBEp7IdgiKciZoQzPNaTuVFOKQ01b4cDPyW49UKpaIuh6mtBtDX7CIEdBWCkrXvoCQQ+DHBtfvM7v5wuSXfiSBZF6eneZVqwrjc3tnD3w5SPLbIJs9BqWyW3HHwIvEm5IymqIWlF79XkJMTIUmHJTqeG6quxlIzQinedE3iqZAHqBPO5YKiKnqZuNZc3xslR6OEmmX0HisznZkECs1jENbGYMeqHlvJP7ndYyOLroZE6nRVJDJQ5HhWCd4FBzuMUmJ5kNLgEhm/4rJAGxM2sZbtCF48yMvkuZpxXMr3t1Z+ep6GkcBHaIjdII8dI6uUBXVUAMR9IRe0Dv6cJ6dN+fL+Z6ULjnTngP0B87PL9VfqUc=</latexit>

rµJ
µ⌫ = 0

<latexit sha1_base64="LUlq51BTWyN+Z4joe7iil0xnVL4=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsAq7ImgjBG3EKoJ5QHZdZiezyZCZ2WUeQli28VdsLBSx9TPs/Bsnj0ITD1zu4Zx7mbknzhhV2vO+ndLS8srqWnm9srG5tb3j7u61VGokJk2cslR2YqQIo4I0NdWMdDJJEI8ZacfD67HffiRS0VTc61FGQo76giYUI22lyD0IBIoZigJu4O1DblsgTHHpRW7Vq3kTwEXiz0gVzNCI3K+gl2LDidCYIaW6vpfpMEdSU8xIUQmMIhnCQ9QnXUsF4kSF+eSAAh5bpQeTVNoSGk7U3xs54kqNeGwnOdIDNe+Nxf+8rtHJRZhTkRlNBJ4+lBgGdQrHacAelQRrNrIEYUntXyEeIImwtplVbAj+/MmLpHVa872af3dWrV/N4iiDQ3AEToAPzkEd3IAGaAIMCvAMXsGb8+S8OO/Ox3S05Mx29sEfOJ8/S9uWMg==</latexit><latexit sha1_base64="LUlq51BTWyN+Z4joe7iil0xnVL4=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsAq7ImgjBG3EKoJ5QHZdZiezyZCZ2WUeQli28VdsLBSx9TPs/Bsnj0ITD1zu4Zx7mbknzhhV2vO+ndLS8srqWnm9srG5tb3j7u61VGokJk2cslR2YqQIo4I0NdWMdDJJEI8ZacfD67HffiRS0VTc61FGQo76giYUI22lyD0IBIoZigJu4O1DblsgTHHpRW7Vq3kTwEXiz0gVzNCI3K+gl2LDidCYIaW6vpfpMEdSU8xIUQmMIhnCQ9QnXUsF4kSF+eSAAh5bpQeTVNoSGk7U3xs54kqNeGwnOdIDNe+Nxf+8rtHJRZhTkRlNBJ4+lBgGdQrHacAelQRrNrIEYUntXyEeIImwtplVbAj+/MmLpHVa872af3dWrV/N4iiDQ3AEToAPzkEd3IAGaAIMCvAMXsGb8+S8OO/Ox3S05Mx29sEfOJ8/S9uWMg==</latexit><latexit sha1_base64="LUlq51BTWyN+Z4joe7iil0xnVL4=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsAq7ImgjBG3EKoJ5QHZdZiezyZCZ2WUeQli28VdsLBSx9TPs/Bsnj0ITD1zu4Zx7mbknzhhV2vO+ndLS8srqWnm9srG5tb3j7u61VGokJk2cslR2YqQIo4I0NdWMdDJJEI8ZacfD67HffiRS0VTc61FGQo76giYUI22lyD0IBIoZigJu4O1DblsgTHHpRW7Vq3kTwEXiz0gVzNCI3K+gl2LDidCYIaW6vpfpMEdSU8xIUQmMIhnCQ9QnXUsF4kSF+eSAAh5bpQeTVNoSGk7U3xs54kqNeGwnOdIDNe+Nxf+8rtHJRZhTkRlNBJ4+lBgGdQrHacAelQRrNrIEYUntXyEeIImwtplVbAj+/MmLpHVa872af3dWrV/N4iiDQ3AEToAPzkEd3IAGaAIMCvAMXsGb8+S8OO/Ox3S05Mx29sEfOJ8/S9uWMg==</latexit><latexit sha1_base64="LUlq51BTWyN+Z4joe7iil0xnVL4=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsAq7ImgjBG3EKoJ5QHZdZiezyZCZ2WUeQli28VdsLBSx9TPs/Bsnj0ITD1zu4Zx7mbknzhhV2vO+ndLS8srqWnm9srG5tb3j7u61VGokJk2cslR2YqQIo4I0NdWMdDJJEI8ZacfD67HffiRS0VTc61FGQo76giYUI22lyD0IBIoZigJu4O1DblsgTHHpRW7Vq3kTwEXiz0gVzNCI3K+gl2LDidCYIaW6vpfpMEdSU8xIUQmMIhnCQ9QnXUsF4kSF+eSAAh5bpQeTVNoSGk7U3xs54kqNeGwnOdIDNe+Nxf+8rtHJRZhTkRlNBJ4+lBgGdQrHacAelQRrNrIEYUntXyEeIImwtplVbAj+/MmLpHVa872af3dWrV/N4iiDQ3AEToAPzkEd3IAGaAIMCvAMXsGb8+S8OO/Ox3S05Mx29sEfOJ8/S9uWMg==</latexit>

J
µ
ext =

1

6
✏
µ⌫�⇢

H⌫�⇢
<latexit sha1_base64="YFGmagq/6Gbf1t97FdYgXCtSajo="></latexit><latexit sha1_base64="YFGmagq/6Gbf1t97FdYgXCtSajo="></latexit><latexit sha1_base64="YFGmagq/6Gbf1t97FdYgXCtSajo="></latexit><latexit sha1_base64="YFGmagq/6Gbf1t97FdYgXCtSajo="></latexit>

<latexit sha1_base64="XgX0pqL2VLpBer/y0b/QHr+DjZc=">AAACBHicdVDLSsNAFJ34rPUVddnNYBFchaTYpl0IRUHEVQX7gCaWyXTaDp1MwsxEKKELN/6KGxeKuPUj3Pk3Th+Kih64cDjnXu69J4gZlcq2342FxaXlldXMWnZ9Y3Nr29zZbcgoEZjUccQi0QqQJIxyUldUMdKKBUFhwEgzGJ5O/OYNEZJG/EqNYuKHqM9pj2KktNQxcxfXqRcmHk/Gx55USMCzL6Fj5m2r4rolpwinxK2UZ6RYqkDHsqfIgzlqHfPN60Y4CQlXmCEp244dKz9FQlHMyDjrJZLECA9Rn7Q15Sgk0k+nT4zhgVa6sBcJXVzBqfp9IkWhlKMw0J0hUgP525uIf3ntRPXKfkp5nCjC8WxRL2FQRXCSCOxSQbBiI00QFlTfCvEACYSVzi2rQ/j8FP5PGgXLKVmFy6N89WQeRwbkwD44BA5wQRWcgxqoAwxuwT14BE/GnfFgPBsvs9YFYz6zB37AeP0A1EKY5g==</latexit>

Jµ⌫ = ?Fµ⌫
<latexit sha1_base64="UMXWGoIqGaWVCeWeoS3nL5liGio=">AAACGnicjVDLSgMxFM3UV62vUZdugkVwVTpV1I1QdNNlBfuAmWHIpJk2NJMMSUYow3yHG3/FjQtF3Ikb/8ZMW0RFwQOBwznncm9OmDCqdL3+bpUWFpeWV8qrlbX1jc0te3unq0QqMelgwYTsh0gRRjnpaKoZ6SeSoDhkpBeOLwu/d0OkooJf60lC/BgNOY0oRtpIge20gszjqSdHwlN0GKP8/MhLkNQUsSBzjZWHJvFp+3lgV51afQr4N6mCOdqB/eoNBE5jwjVmSCnXqSfaz4odmJG84qWKJAiP0ZC4hnIUE+Vn06/l8MAoAxgJaR7XcKp+nchQrNQkDk0yRnqkfnqF+Jvnpjo68zPKk1QTjmeLopRBLWDRExxQSbBmE0MQltTcCvEISYS1abPyvxK6jZpzUmtcHVebF/M6ymAP7IND4IBT0AQt0AYdgMEtuAeP4Mm6sx6sZ+tlFi1Z85ld8A3W2wdvFKJh</latexit>

H⌫⇢� = 3@[⌫b⇢�]



• Breaking the one-form symmetry

1-form Goldstone 0-form Goldstone

2-form superfluid velocity

1-form Josephson condition 0-form Josephson condition

1-form superfluid velocity

<latexit sha1_base64="U34YpuBfHQEDSkONYUNcPYRx8R4=">AAACIXicjVBNS8MwGE79nPOr6tFLcAiCMDqRuYsw9OLBw4R9wdqVNE23sDQtSSqM0r/ixb/ixYMiu4l/xrTbQUXBB97kzfO8D0keL2ZUKst6N5aWV1bX1ksb5c2t7Z1dc2+/K6NEYNLBEYtE30OSMMpJR1HFSD8WBIUeIz1vcp3rvXsiJI14W01j4oRoxGlAMVKacs2GHQiEUztMXF1Z2s4u7Vtt91F+HtoeUei0WIc2T6DnpnrLJ12zUqtaBeDfTQUs0HLNme1HOAkJV5ghKQc1K1ZOioSimJGsbCeSxAhP0IgMdMtRSKSTFj/M4LFmfBhEQhdXsGC/OlIUSjkNPT0ZIjWWP7Wc/E0bJCpoOCnlcaIIx/OLgoRBFcE8LuhTQbBiU90gLKh+K8RjpCNTOtTy/0LonlVr9Wr97rzSvFrEUQKH4AicgBq4AE1wA1qgAzB4AE/gBbwaj8az8WbM5qNLxsJzAL7B+PgEXV+k4w==</latexit>µµ

T
= ⇤�

µ + �⌫b⌫µ
<latexit sha1_base64="wo/3PaHRoOqzaMklS5hBo8RsJxU=">AAACJHicjVDLSgMxFM34rPU16tJNsAh1YWlFqiBC0Y3LCn1Bpx3upJk2NJMZkkyhlH6MG3/FjQsfuHDjt5hpZ6Gi4IEL555zLzc5XsSZ0sXiu7WwuLS8sppZy65vbG5t2zu7DRXGktA6CXkoWx4oypmgdc00p61IUgg8Tpve8DrxmyMqFQtFTY8j2gmgL5jPCGgjufaFE8Suqa4zAhkN2GXaH9ecCKRmwJMu73hUQ9cRcTrmGnrk2rlSoTgD/pvkUIqqa784vZDEARWacFCqXSpGujNJ7hBOp1knVjQCMoQ+bRsqIKCqM5l9cooPjdLDfihNCY1n6teNCQRKjQPPTAagB+qnl4i/ee1Y++edCRNRrKkg80N+zLEOcZIY7jFJieZjQ4BIZt6KyQAkEG1yzf4vhMZJoVQulG9Pc5WrNI4M2kcHKI9K6AxV0A2qojoi6A49oCf0bN1bj9ar9TYfXbDSnT30DdbHJ6jkpg8=</latexit>

µ'
µ = µµ � T@µ(�

⌫'⌫)

<latexit sha1_base64="EQ/IrtQip1KwKzekcrKubVrqnPQ=">AAACF3icbZBNS8MwGMdTX+d8q3r0EhyCF0c7RL0IQy8ePExwL7DWkqbZGpamIUmFUfYtvPhVvHhQxKve/Dam2w66+YfAn9/zPEmefygYVdpxvq2FxaXlldXSWnl9Y3Nr297Zbak0k5g0ccpS2QmRIoxy0tRUM9IRkqAkZKQdDq6KevuBSEVTfqeHgvgJ6nPaoxhpgwK76kWEaRR4OKbQEzG98ESa8UiNSQGOvRtzXYTuCxDYFafqjAXnjTs1FTBVI7C/vCjFWUK4xgwp1XUdof0cSU0xI6OylykiEB6gPukay1FClJ+P9xrBQ0Mi2EulOVzDMf09kaNEqWESms4E6VjN1gr4X62b6d65n1MuMk04njzUyxjUKSxCghGVBGs2NAZhSc1fIY6RRFibKMsmBHd25XnTqlXd02rt9qRSv5zGUQL74AAcARecgTq4Bg3QBBg8gmfwCt6sJ+vFerc+Jq0L1nRmD/yR9fkDUWSgBg==</latexit>

��� = £��� ⇤�

<latexit sha1_base64="v5vkh7VdgpbHvVTfB5YvK83iQqk=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBEMpMEXUjVN24rGAf0BmGTJppQzOZkGTEMnTpxl9x40IRt36CO//GTNuFth4InJxz703uCQWjSjvOt1VYWFxaXimultbWNza37O2dpkpSiUkDJyyR7RApwignDU01I20hCYpDRlrh4Dr3W/dEKprwOz0UxI9Rj9OIYqSNFNj73gMNvDi98ASSmiKWX6An+vT4MqeBXXYqzhhwnrhTUgZT1AP7y+smOI0J15ghpTquI7Sf5cMxI6OSlyoiEB6gHukYylFMlJ+NFxnBQ6N0YZRIc7iGY/V3R4ZipYZxaCpjpPtq1svF/7xOqqNzP6NcpJpwPHkoShnUCcxTgV0qCdZsaAjCkpq/QtxHEmFtsiuZENzZledJs1pxTyvV25Ny7WoaRxHsgQNwBFxwBmrgBtRBA2DwCJ7BK3iznqwX6936mJQWrGnPLvgD6/MHi6uZqw==</latexit>

⇠µ = @µ�+Aµ

<latexit sha1_base64="HyaQmg/QzRSo3iKbbbQTM2GzYMw=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclZki6kYounFZwT6gMw6ZNNOGJpkhD7XUfoobF4q49Uvc+Tem7Sy09UByD+fcS25OnDGqtOd9O0vLK6tr64WN4ubW9s6uW9prqtRITBo4Zalsx0gRRgVpaKoZaWeSIB4z0ooHVxO/dU+koqm41cOMhBz1BE0oRtpKkVsKuLkwd/aGwSONbI3cslfxpoCLxM9JGeSoR+5X0E2x4URozJBSHd/LdDhCUlPMyLgYGEUyhAeoRzqWCsSJCkfT1cfwyCpdmKTSHqHhVP09MUJcqSGPbSdHuq/mvYn4n9cxOjkPR1RkRhOBZw8lhkGdwkkOsEslwZoNLUFYUrsrxH0kEdY2raINwZ//8iJpViv+aaV6c1KuXeZxFMABOATHwAdnoAauQR00AAYP4Bm8gjfnyXlx3p2PWeuSk8/sgz9wPn8AESST4g==</latexit>

µ = uµ⇠µ
<latexit sha1_base64="2x61v6Ce+lNlsygcdXBmns+ySBM=">AAACCnicbVDLSsNAFJ3UV62vqEs30SK4KkkRdSMU3bisYB/QxDCZTtuhM5Mwj2IJXbvxV9y4UMStX+DOv3HSZqGtBy5zOOde7twTJZRI5brfVmFpeWV1rbhe2tjc2t6xd/eaMtYC4QaKaSzaEZSYEo4biiiK24nAkEUUt6Lhdea3RlhIEvM7NU5wwGCfkx5BUBkptA99pkNT9/4IimRALg3j2n8gYZq9TE9Cu+xW3CmcReLlpAxy1EP7y+/GSDPMFaJQyo7nJipIoVAEUTwp+VriBKIh7OOOoRwyLIN0esrEOTZK1+nFwhRXzlT9PZFCJuWYRaaTQTWQ814m/ud1tOpdBCnhiVaYo9minqaOip0sF6dLBEaKjg2BSBDzVwcNoIBImfRKJgRv/uRF0qxWvLNK9fa0XLvK4yiCA3AEToAHzkEN3IA6aAAEHsEzeAVv1pP1Yr1bH7PWgpXP7IM/sD5/AJefm3s=</latexit>

µ'
µ = u⌫⇠⌫µ

<latexit sha1_base64="DOWm045QGQex24zOehRxxqE4t0c=">AAACKnicbZDLSgMxFIYzXmu9VV26CRbBjWWmiLoRqm5cuKhgL9Cpw5lMpg3NZIYkUyilz+PGV3HThVLc+iBm2i609UDg4//PSXJ+P+FMadueWCura+sbm7mt/PbO7t5+4eCwruJUElojMY9l0wdFORO0ppnmtJlICpHPacPv3Wd+o0+lYrF41oOEtiPoCBYyAtpIXuHWDSjX4Lmky7DbB5l0medG6Y2bxKkI1JJx7j6a2wPI+CUzvULRLtnTwsvgzKGI5lX1CmM3iEkaUaEJB6Vajp3o9hCkZoTTUd5NFU2A9KBDWwYFRFS1h9NVR/jUKAEOY2mO0Hiq/p4YQqTUIPJNZwS6qxa9TPzPa6U6vG4PmUhSTQWZPRSmHOsYZ7nhgElKNB8YACKZ+SsmXZBAtEk3b0JwFldehnq55FyWyk8XxcrdPI4cOkYn6Aw56ApV0AOqohoi6BW9ow/0ab1ZY2tifc1aV6z5zBH6U9b3Dx1pqE0=</latexit>

��'µ = £�'µ � ⇤�
µ

<latexit sha1_base64="Yd13o68jOwawAL05+sDmwgxXKL4=">AAACH3icbVDLSsNAFJ3UV62vqEs3wSIIQkmKVDdC0Y3LCrYWmhAm00k7dDIJ8yiWkD9x46+4caGIuOvfOGmDaOuBgcM553LnniChREjbnhqlldW19Y3yZmVre2d3z9w/6IhYcYTbKKYx7wZQYEoYbksiKe4mHMMooPghGN3k/sMYc0Fidi8nCfYiOGAkJAhKLflmw30kfupGymUqu6q7CeSSQOqnPa1l7hjyZJgHmPKys+An6ZtVu2bPYC0TpyBVUKDlm19uP0YqwkwiCoXoOXYivTTfhijOKq4SOIFoBAe4pymDERZeOrsvs0600rfCmOvHpDVTf0+kMBJiEgU6GUE5FIteLv7n9ZQML72UsERJzNB8UaioJWMrL8vqE46RpBNNIOJE/9VCQ8ghkrrSii7BWTx5mXTqNadRq9+dV5vXRR1lcASOwSlwwAVoglvQAm2AwBN4AW/g3Xg2Xo0P43MeLRnFzCH4A2P6DeWTpME=</latexit>

⇠µ⌫ = 2@[µ'⌫] + bµ⌫



P ⌘ P (T, ⇣2, ⇣.⇣̄, ⇣̄2)
<latexit sha1_base64="i81903UDtIYwrFGh0thtTMr20GI=">AAACGXicbZDLSgMxFIYzXmu9VV26CRahQhlmiqDLohuXFXqDzrRk0jNtaOZikinU0tdw46u4caGIS135NqbtINp6IOTj/88hOb8XcyaVZX0ZK6tr6xubma3s9s7u3n7u4LAuo0RQqNGIR6LpEQmchVBTTHFoxgJI4HFoeIPrqd8YgpAsCqtqFIMbkF7IfEaJ0lInZ1UcuEvYEFcK1aJzD4q0S/PbdDwiZlT8oXbprJPLW6Y1K7wMdgp5lFalk/twuhFNAggV5UTKlm3Fyh0ToRjlMMk6iYSY0AHpQUtjSAKQ7ni22QSfaqWL/UjoEyo8U39PjEkg5SjwdGdAVF8uelPxP6+VKP/SHbMwThSEdP6Qn3CsIjyNCXeZAKr4SAOhgum/YtonglClw8zqEOzFlZehXjJty7Rvz/PlqzSODDpGJ6iAbHSByugGVVANUfSAntALejUejWfjzXift64Y6cwR+lPG5zf/YZ+q</latexit><latexit sha1_base64="i81903UDtIYwrFGh0thtTMr20GI=">AAACGXicbZDLSgMxFIYzXmu9VV26CRahQhlmiqDLohuXFXqDzrRk0jNtaOZikinU0tdw46u4caGIS135NqbtINp6IOTj/88hOb8XcyaVZX0ZK6tr6xubma3s9s7u3n7u4LAuo0RQqNGIR6LpEQmchVBTTHFoxgJI4HFoeIPrqd8YgpAsCqtqFIMbkF7IfEaJ0lInZ1UcuEvYEFcK1aJzD4q0S/PbdDwiZlT8oXbprJPLW6Y1K7wMdgp5lFalk/twuhFNAggV5UTKlm3Fyh0ToRjlMMk6iYSY0AHpQUtjSAKQ7ni22QSfaqWL/UjoEyo8U39PjEkg5SjwdGdAVF8uelPxP6+VKP/SHbMwThSEdP6Qn3CsIjyNCXeZAKr4SAOhgum/YtonglClw8zqEOzFlZehXjJty7Rvz/PlqzSODDpGJ6iAbHSByugGVVANUfSAntALejUejWfjzXift64Y6cwR+lPG5zf/YZ+q</latexit><latexit sha1_base64="i81903UDtIYwrFGh0thtTMr20GI=">AAACGXicbZDLSgMxFIYzXmu9VV26CRahQhlmiqDLohuXFXqDzrRk0jNtaOZikinU0tdw46u4caGIS135NqbtINp6IOTj/88hOb8XcyaVZX0ZK6tr6xubma3s9s7u3n7u4LAuo0RQqNGIR6LpEQmchVBTTHFoxgJI4HFoeIPrqd8YgpAsCqtqFIMbkF7IfEaJ0lInZ1UcuEvYEFcK1aJzD4q0S/PbdDwiZlT8oXbprJPLW6Y1K7wMdgp5lFalk/twuhFNAggV5UTKlm3Fyh0ToRjlMMk6iYSY0AHpQUtjSAKQ7ni22QSfaqWL/UjoEyo8U39PjEkg5SjwdGdAVF8uelPxP6+VKP/SHbMwThSEdP6Qn3CsIjyNCXeZAKr4SAOhgum/YtonglClw8zqEOzFlZehXjJty7Rvz/PlqzSODDpGJ6iAbHSByugGVVANUfSAntALejUejWfjzXift64Y6cwR+lPG5zf/YZ+q</latexit><latexit sha1_base64="i81903UDtIYwrFGh0thtTMr20GI=">AAACGXicbZDLSgMxFIYzXmu9VV26CRahQhlmiqDLohuXFXqDzrRk0jNtaOZikinU0tdw46u4caGIS135NqbtINp6IOTj/88hOb8XcyaVZX0ZK6tr6xubma3s9s7u3n7u4LAuo0RQqNGIR6LpEQmchVBTTHFoxgJI4HFoeIPrqd8YgpAsCqtqFIMbkF7IfEaJ0lInZ1UcuEvYEFcK1aJzD4q0S/PbdDwiZlT8oXbprJPLW6Y1K7wMdgp5lFalk/twuhFNAggV5UTKlm3Fyh0ToRjlMMk6iYSY0AHpQUtjSAKQ7ni22QSfaqWL/UjoEyo8U39PjEkg5SjwdGdAVF8uelPxP6+VKP/SHbMwThSEdP6Qn3CsIjyNCXeZAKr4SAOhgum/YtonglClw8zqEOzFlZehXjJty7Rvz/PlqzSODDpGJ6iAbHSByugGVVANUfSAntALejUejWfjzXift64Y6cwR+lPG5zf/YZ+q</latexit> P ⌘ P (T, ⇣2)

<latexit sha1_base64="yMOgUcxgPvblDPZD382lEAg2meo=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiBEkDATBD0GvXiMkA0yY+jp1CRNeha7ewLJEPwVLx4U8ep/ePNv7CRz0MQHBY/3qqiq58WcSWVZ38bK6tr6xmZuK7+9s7u3bx4cNmSUCAp1GvFItDwigbMQ6oopDq1YAAk8Dk1vcDv1m0MQkkVhTY1icAPSC5nPKFFa6pjHVQceEzbE1WLtwhmDIg/l845ZsErWDHiZ2BkpoAzVjvnldCOaBBAqyomUbduKlZsSoRjlMMk7iYSY0AHpQVvTkAQg3XR2/QSfaaWL/UjoChWeqb8nUhJIOQo83RkQ1ZeL3lT8z2snyr92UxbGiYKQzhf5CccqwtMocJcJoIqPNCFUMH0rpn0iCFU6sLwOwV58eZk0yiXbKtn3l4XKTRZHDp2gU1RENrpCFXSHqqiOKBqjZ/SK3own48V4Nz7mrStGNnOE/sD4/AHX3JQq</latexit><latexit sha1_base64="yMOgUcxgPvblDPZD382lEAg2meo=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiBEkDATBD0GvXiMkA0yY+jp1CRNeha7ewLJEPwVLx4U8ep/ePNv7CRz0MQHBY/3qqiq58WcSWVZ38bK6tr6xmZuK7+9s7u3bx4cNmSUCAp1GvFItDwigbMQ6oopDq1YAAk8Dk1vcDv1m0MQkkVhTY1icAPSC5nPKFFa6pjHVQceEzbE1WLtwhmDIg/l845ZsErWDHiZ2BkpoAzVjvnldCOaBBAqyomUbduKlZsSoRjlMMk7iYSY0AHpQVvTkAQg3XR2/QSfaaWL/UjoChWeqb8nUhJIOQo83RkQ1ZeL3lT8z2snyr92UxbGiYKQzhf5CccqwtMocJcJoIqPNCFUMH0rpn0iCFU6sLwOwV58eZk0yiXbKtn3l4XKTRZHDp2gU1RENrpCFXSHqqiOKBqjZ/SK3own48V4Nz7mrStGNnOE/sD4/AHX3JQq</latexit><latexit sha1_base64="yMOgUcxgPvblDPZD382lEAg2meo=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiBEkDATBD0GvXiMkA0yY+jp1CRNeha7ewLJEPwVLx4U8ep/ePNv7CRz0MQHBY/3qqiq58WcSWVZ38bK6tr6xmZuK7+9s7u3bx4cNmSUCAp1GvFItDwigbMQ6oopDq1YAAk8Dk1vcDv1m0MQkkVhTY1icAPSC5nPKFFa6pjHVQceEzbE1WLtwhmDIg/l845ZsErWDHiZ2BkpoAzVjvnldCOaBBAqyomUbduKlZsSoRjlMMk7iYSY0AHpQVvTkAQg3XR2/QSfaaWL/UjoChWeqb8nUhJIOQo83RkQ1ZeL3lT8z2snyr92UxbGiYKQzhf5CccqwtMocJcJoIqPNCFUMH0rpn0iCFU6sLwOwV58eZk0yiXbKtn3l4XKTRZHDp2gU1RENrpCFXSHqqiOKBqjZ/SK3own48V4Nz7mrStGNnOE/sD4/AHX3JQq</latexit><latexit sha1_base64="yMOgUcxgPvblDPZD382lEAg2meo=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiBEkDATBD0GvXiMkA0yY+jp1CRNeha7ewLJEPwVLx4U8ep/ePNv7CRz0MQHBY/3qqiq58WcSWVZ38bK6tr6xmZuK7+9s7u3bx4cNmSUCAp1GvFItDwigbMQ6oopDq1YAAk8Dk1vcDv1m0MQkkVhTY1icAPSC5nPKFFa6pjHVQceEzbE1WLtwhmDIg/l845ZsErWDHiZ2BkpoAzVjvnldCOaBBAqyomUbduKlZsSoRjlMMk7iYSY0AHpQVvTkAQg3XR2/QSfaaWL/UjoChWeqb8nUhJIOQo83RkQ1ZeL3lT8z2snyr92UxbGiYKQzhf5CccqwtMocJcJoIqPNCFUMH0rpn0iCFU6sLwOwV58eZk0yiXbKtn3l4XKTRZHDp2gU1RENrpCFXSHqqiOKBqjZ/SK3own48V4Nz7mrStGNnOE/sD4/AHX3JQq</latexit>

FULLY SSB PHASE

(INSULATING PHASE, 166 coeff, 
11 electric limit)

TEMPORAL SSB

MHD

<latexit sha1_base64="XtrtCy4JkYkJrIC2VtINCLTQNEU=">AAACLXicbVDLSgNBEJz1bXxFPXpZDIIXw66IehFEPXjwoGBUyMSld7ZjBmdnl5leISz5IS/+iggeFPHqbziJOfgqGCiqqunpinMlLQXBizcyOjY+MTk1XZmZnZtfqC4uXdisMAIbIlOZuYrBopIaGyRJ4VVuENJY4WV8e9j3L+/QWJnpc+rm2ErhRsu2FEBOiqpHPEFFEJVcdGSP34HJO3KP51mhE/tT3eAxElzztOAnbkECkaPX/URUrQX1YAD/LwmHpMaGOI2qTzzJRJGiJqHA2mYY5NQqwZAUCnsVXljMQdzCDTYd1ZCibZWDa3v+mlMSv50Z9zT5A/X7RAmptd00dskUqGN/e33xP69ZUHu3VUqdF4RafC1qF8qnzO9X5yfSoCDVdQSEke6vvuiAAUGu4IorIfx98l9ysVkPt+vbZ1u1/YNhHVNsha2ydRayHbbPjtkpazDB7tkje2Gv3oP37L1571/REW84s8x+wPv4BBiWqnk=</latexit>

��' = £�'� �µ⇤�
µ

<latexit sha1_base64="rFceQ/7ekyGbfqx9CfrqbNSv2nI=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCgSpBqLAgVbAwFqkvqYkix3Uaq44T2U6lKuo3sPArLAwgxMrExt/gtBmg5UpXPj733Gvf4yeMSmVZ30ZpZXVtfaO8Wdna3tndM/cPOjJOBSZtHLNY9HwkCaOctBVVjPQSQVDkM9L1R3d5vTsmQtKYt9QkIW6EhpwGFCOlKc88c8ZIJBSGnhOlNzrz87zlJEgoilh+mylC6plVq2bNAi4DuwBVUETTM7+cQYzTiHCFGZKyb1uJcrN8MGZkWnFSSRKER2hI+hpyFBHpZrOVpvBEMwMYxEInV3DG/u7IUCTlJPK1MkIqlIu1nPyv1k9VcO1mlCepIhzPHwpSBlUMc3/ggAqCFZtogLCg+q8Qh0ggrLSLFW2CvbjyMuhc1Ox6rf5wWW3cFnaUwRE4BqfABlegAe5BE7QBBo/gGbyCN+PJeDHejY+5tGQUPYfgTxifPwDwnlg=</latexit>

$hµ = µµ � T@µ'
<latexit sha1_base64="DBLhCn1enUwoWUZJSJoOm2ARAIE=">AAACEnicbZC7SgNBFIZn4y3G26qlzWAQtAm7ItEmELSxjGAukF2X2ckkGTI7u8wlGJc8g42vYmOhiK2VnW/jbJJCEw8MfPz/OZw5f5gwKpXjfFu5peWV1bX8emFjc2t7x97da8hYC0zqOGaxaIVIEkY5qSuqGGklgqAoZKQZDq4yvzkkQtKY36pRQvwI9TjtUoyUkQL7xHsgCgVepCv6zuMaevc0SA0YZVzxhkgkFPYzP7CLTsmZFFwEdwZFMKtaYH95nRjriHCFGZKy7TqJ8lMkFMWMjAueliRBeIB6pG2Qo4hIP52cNIZHRunAbizM4wpO1N8TKYqkHEWh6YyQ6st5LxP/89padS/8lPJEK8LxdFFXM6himOUDO1QQrNjIAMKCmr9C3EcCYWVSLJgQ3PmTF6FxWnLLpfLNWbF6OYsjDw7AITgGLjgHVXANaqAOMHgEz+AVvFlP1ov1bn1MW3PWbGYf/Cnr8wcQNJ5d</latexit>

⇣µ = u⌫⇠⌫µ = $hµ

<latexit sha1_base64="7Ge0349IbayB8v5K6bHu9xeDmsU="></latexit>

⇠µ⌫ = 2u[µ⇣⌫] � ✏µ⌫⇢�u
⇢⇣̄�

<latexit sha1_base64="UUcC4pODog4DHUOXtyf5Z5Ru2Dc=">AAACBHicbZC7TsMwFIadcivlFmDsYlEhMVVJhYAFqYKFsUj0IjUhclynteo4kS+IEnVg4VVYGECIlYdg421w2wzQciRbn/7/HNnnD1NGpXKcb6uwtLyyulZcL21sbm3v2Lt7LZlogUkTJywRnRBJwignTUUVI51UEBSHjLTD4eXEb98RIWnCb9QoJX6M+pxGFCNlpMAuew9EocCL9bl3T4PMgMf1WN+aO7ArTtWZFlwEN4cKyKsR2F9eL8E6JlxhhqTsuk6q/AwJRTEj45KnJUkRHqI+6RrkKCbSz6ZLjOGhUXowSoQ5XMGp+nsiQ7GUozg0nTFSAznvTcT/vK5W0ZmfUZ5qRTiePRRpBlUCJ4nAHhUEKzYygLCg5q8QD5BAWJncSiYEd37lRWjVqu5JtXZ9XKlf5HEUQRkcgCPgglNQB1egAZoAg0fwDF7Bm/VkvVjv1sestWDlM/vgT1mfP7vXmM0=</latexit>

⇣µ = ⇠µ⌫u
⌫

<latexit sha1_base64="tB/DKJjGEhCAT2HN0av3erJ1mK0="></latexit>

⇣̄µ =
1

2
✏µ⌫⇢�⇠⇢�

See Fracton story: Glorioso, Lucas, Jensen, Jay +++++



PLASMA  
PHASE 

TRANSITION



M
HD

 D
UA

L
• Can define partition function:

which gives the stress tensor and current:

and thermodynamic relations upon identification:

<latexit sha1_base64="+eBwHj5jJ4Oxhgfans0zsxYOQ44="></latexit>

F [gµ⌫ , bµ⌫ ;'µ] = �
Z

d4x
p
�gP (T, ⇣2)

<latexit sha1_base64="a5I0ArzGoZGdlw5Nz96VR8wl4WU="></latexit>

Tµ⌫ = (✏+ P )uµu⌫ + pgµ⌫ �$⇢hµh⌫ +O(@)
<latexit sha1_base64="qdmTCistAHOnGHqnQ4JAjGbbKNA="></latexit>

Jµ⌫ = 2⇢u[µh⌫] +O(@)

<latexit sha1_base64="9j2nqhbimNyuUXo4zNAWeb5oVx4=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBEEoSRF1I1QdOOyQl/QhDKZTNqhk5kwMymEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3niBhVGnH+bbW1jc2t7ZLO+Xdvf2DQ/vouKNEKjFpY8GE7AVIEUY5aWuqGeklkqA4YKQbjO9nfndCpKKCt3SWED9GQ04jipE20sCuhMmtClsXnhwJGHoTJBM6sKtOzZkDrhK3IFVQoDmwv7xQ4DQmXGOGlOq7TqL9HElNMSPTspcqkiA8RkPSN5SjmCg/nx8/hWdGCWEkpCmu4Vz9PZGjWKksDkxnjPRILXsz8T+vn+roxs8pT1JNOF4silIGtYCzJGBIJcGaZYYgLKm5FeIRkghrk1fZhOAuv7xKOvWae1WrP15WG3dFHCVwAk7BOXDBNWiAB9AEbYBBBp7BK3iznqwX6936WLSuWcVMBfyB9fkDM7iUfg==</latexit>

dp = sdT + ⇢d$
<latexit sha1_base64="66wjABwsZBdXXxlKwomddveopnc=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARhEKZKaJuhKIblxX6EDpDyaRpG5pJQpIplKFu/BU3LhRx61+4829M21lo64ELh3Pu5d57IsmoNp737eRWVtfWN/Kbha3tnd09d/+gqUWiMGlgwYR6iJAmjHLSMNQw8iAVQXHESCsa3k791ogoTQWvm7EkYYz6nPYoRsZKHfcoIFJTJnipdl3XpUANRDBCStKOW/TK3gxwmfgZKYIMtY77FXQFTmLCDWZI67bvSROmSBmKGZkUgkQTifAQ9UnbUo5iosN09sEEnlqlC3tC2eIGztTfEymKtR7Hke2MkRnoRW8q/ue1E9O7ClPKZWIIx/NFvYRBI+A0DtilimDDxpYgrKi9FeIBUggbG1rBhuAvvrxMmpWyf1Gu3J8XqzdZHHlwDE7AGfDBJaiCO1ADDYDBI3gGr+DNeXJenHfnY96ac7KZQ/AHzucPP6WWxQ==</latexit>

✏+ P = Ts+ ⇢$

<latexit sha1_base64="O7vEYwnsDVygpTysUtTFbTDtylo=">AAACKXicdVDLSgMxFM3UV62vqks3wSK40GFatNaFUHTjsoJ9QGcYMmnahmYyQ5Ip1GF+x42/4kZBUbf+iJm2Fp8HAifnnntzc7yQUaks69XIzM0vLC5ll3Mrq2vrG/nNrYYMIoFJHQcsEC0PScIoJ3VFFSOtUBDke4w0vcFFWm8OiZA04NdqFBLHRz1OuxQjpSU3X43t8ZC26HlObJmn5Uq5dHxQNK0xZiSxb4hCru1HZ4f2EImQwn56S9x84bMLfpp/kwKYoubmH+1OgCOfcIUZkrJdtELlxEgoihlJcnYkSYjwAPVIW1OOfCKdeLxkAve00oHdQOjDFRyrXzti5Es58j3t9JHqy5+1VPyr1o5Ut+LElIeRIhxPHupGDKoAprHBDhUEKzbSBGFB9a4Q95FAWOlwczqE//8+I42SWSybpaujQvV8GkcW7IBdsA+K4ARUwSWogTrA4BbcgyfwbNwZD8aL8TaxZoxpzzb4BuP9A9rSo2g=</latexit>

⇣µ = �$hµ



• At ideal order the identification is:

• Variation with respect to ' ⌘ �µ'µ
<latexit sha1_base64="e0uittwNnnIwvg3iOS/Uq804eTk=">AAACCnicbZC7TsMwFIYdrqXcAowshgqJqUoQEowVLIxFohepCZHjnrRWHSfYTqUq6szCq7AwgBArT8DG2+C2GaDllyx9+s85Oj5/mHKmtON8W0vLK6tr66WN8ubW9s6uvbffVEkmKTRowhPZDokCzgQ0NNMc2qkEEoccWuHgelJvDUEqlog7PUrBj0lPsIhRoo0V2EfekMi0zzx4yNjQC0GTey/OCjcwGNgVp+pMhRfBLaCCCtUD+8vrJjSLQWjKiVId10m1nxOpGeUwLnuZgpTQAelBx6AgMSg/n54yxifG6eIokeYJjafu74mcxEqN4tB0xkT31XxtYv5X62Q6uvRzJtJMg6CzRVHGsU7wJBfcZRKo5iMDhEpm/oppn0hCtUmvbEJw509ehOZZ1XWq7u15pXZVxFFCh+gYnSIXXaAaukF11EAUPaJn9IrerCfrxXq3PmatS1Yxc4D+yPr8AZ7hm3g=</latexit><latexit sha1_base64="e0uittwNnnIwvg3iOS/Uq804eTk=">AAACCnicbZC7TsMwFIYdrqXcAowshgqJqUoQEowVLIxFohepCZHjnrRWHSfYTqUq6szCq7AwgBArT8DG2+C2GaDllyx9+s85Oj5/mHKmtON8W0vLK6tr66WN8ubW9s6uvbffVEkmKTRowhPZDokCzgQ0NNMc2qkEEoccWuHgelJvDUEqlog7PUrBj0lPsIhRoo0V2EfekMi0zzx4yNjQC0GTey/OCjcwGNgVp+pMhRfBLaCCCtUD+8vrJjSLQWjKiVId10m1nxOpGeUwLnuZgpTQAelBx6AgMSg/n54yxifG6eIokeYJjafu74mcxEqN4tB0xkT31XxtYv5X62Q6uvRzJtJMg6CzRVHGsU7wJBfcZRKo5iMDhEpm/oppn0hCtUmvbEJw509ehOZZ1XWq7u15pXZVxFFCh+gYnSIXXaAaukF11EAUPaJn9IrerCfrxXq3PmatS1Yxc4D+yPr8AZ7hm3g=</latexit><latexit sha1_base64="e0uittwNnnIwvg3iOS/Uq804eTk=">AAACCnicbZC7TsMwFIYdrqXcAowshgqJqUoQEowVLIxFohepCZHjnrRWHSfYTqUq6szCq7AwgBArT8DG2+C2GaDllyx9+s85Oj5/mHKmtON8W0vLK6tr66WN8ubW9s6uvbffVEkmKTRowhPZDokCzgQ0NNMc2qkEEoccWuHgelJvDUEqlog7PUrBj0lPsIhRoo0V2EfekMi0zzx4yNjQC0GTey/OCjcwGNgVp+pMhRfBLaCCCtUD+8vrJjSLQWjKiVId10m1nxOpGeUwLnuZgpTQAelBx6AgMSg/n54yxifG6eIokeYJjafu74mcxEqN4tB0xkT31XxtYv5X62Q6uvRzJtJMg6CzRVHGsU7wJBfcZRKo5iMDhEpm/oppn0hCtUmvbEJw509ehOZZ1XWq7u15pXZVxFFCh+gYnSIXXaAaukF11EAUPaJn9IrerCfrxXq3PmatS1Yxc4D+yPr8AZ7hm3g=</latexit><latexit sha1_base64="e0uittwNnnIwvg3iOS/Uq804eTk=">AAACCnicbZC7TsMwFIYdrqXcAowshgqJqUoQEowVLIxFohepCZHjnrRWHSfYTqUq6szCq7AwgBArT8DG2+C2GaDllyx9+s85Oj5/mHKmtON8W0vLK6tr66WN8ubW9s6uvbffVEkmKTRowhPZDokCzgQ0NNMc2qkEEoccWuHgelJvDUEqlog7PUrBj0lPsIhRoo0V2EfekMi0zzx4yNjQC0GTey/OCjcwGNgVp+pMhRfBLaCCCtUD+8vrJjSLQWjKiVId10m1nxOpGeUwLnuZgpTQAelBx6AgMSg/n54yxifG6eIokeYJjafu74mcxEqN4tB0xkT31XxtYv5X62Q6uvRzJtJMg6CzRVHGsU7wJBfcZRKo5iMDhEpm/oppn0hCtUmvbEJw509ehOZZ1XWq7u15pXZVxFFCh+gYnSIXXaAaukF11EAUPaJn9IrerCfrxXq3PmatS1Yxc4D+yPr8AZ7hm3g=</latexit>

�S

�'
) rµ(T⇢h

µ) = 0
<latexit sha1_base64="eaNTbPIvq6hnF0Cj4O/1nA8GPgg="></latexit><latexit sha1_base64="eaNTbPIvq6hnF0Cj4O/1nA8GPgg="></latexit><latexit sha1_base64="eaNTbPIvq6hnF0Cj4O/1nA8GPgg="></latexit><latexit sha1_base64="eaNTbPIvq6hnF0Cj4O/1nA8GPgg="></latexit>

M
HD

 D
UA

L

<latexit sha1_base64="jQboiMK3g3B7Pub+qF5HTHfZ960=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRFY10IRTfiqoJ9QBvDZDpth04mYWYihFB/xY0LRdz6Ie78GydtEZ8HLhzOuXfm3hPEjEpl2+9GYWFxaXmluFpaW9/Y3DK3d1oySgQmTRyxSHQCJAmjnDQVVYx0YkFQGDDSDsbnud++JULSiF+rNCZeiIacDihGSku+We7FSCiKmE/h5U2m6OTU9s2KbZ24Nbd6BB3LnuI3qYA5Gr751utHOAkJV5ghKbuOHSsvyx/GjExKvUSSGOExGpKuphyFRHrZdPkJ3NdKHw4ioYsrOFW/TmQolDINA90ZIjWSP71c/MvrJmpQ8zLK40QRjmcfDRIGVQTzJGCfCoIVSzVBWFC9K8QjJBBWOq+SDuH/2z9Jq2o5ruVeHVbqZ/M4imAX7IED4IBjUAcXoAGaAIMU3INH8GTcGQ/Gs/Eyay0Y85ky+Abj9QOGNZS1</latexit>

@iJ
ti = 0

arXiv:1811.04913, One-form superfluids and MHD by JA & A. Jain

<latexit sha1_base64="v3DVwHGHW+ocL/n8yyb9+IYH5jI=">AAACGHicbVDLSsNAFJ34rPVVdekmWIQWpSZF1I1Q6sadFfqCJpab6aQZOnkwMymU0M9w46+4caGI2+78GydtF9p6YOBwzr137j1OxKiQhvGtrayurW9sZray2zu7e/u5g8OmCGOOSQOHLORtBwRhNCANSSUj7YgT8B1GWs7gLvVbQ8IFDYO6HEXE9qEfUJdikErq5i6qT5Yf31rcCwv1c2sIPKJFL9XOLB+kh4ElD+OCFQGXFFixm8sbJWMKfZmYc5JHc9S6uYnVC3Hsk0BiBkJ0TCOSdpKOw4yMs1YsSAR4AH3SUTQAnwg7mR421k+V0tPdkKsXSH2q/u5IwBdi5DuqMl1WLHqp+J/XiaV7Yyc0iGJJAjz7yI2ZLkM9TUnvUU6wZCNFAHOqdtWxBxywVFlmVQjm4snLpFkumVel8uNlvlKdx5FBx+gEFZCJrlEF3aMaaiCMntErekcf2ov2pn1qX7PSFW3ec4T+QJv8ACbAn90=</latexit>

Bµ = ⇢(T,$)hµ +O(@)



• Higher-order partition function

• Non-hydrostatic corrections



• Total transport coefficients:
>> 5 hydrostatic coefficients, 19 non-hydrostatic coefficients

arXiv:1811.04913, One-form superfluids and MHD by JA & A. Jain



• Map between formulations

arXiv:1811.04913, One-form superfluids and MHD by JA & A. Jain



II - CAUSALITY AND STABILITY

J. Armas &  F. Camilloni, JCAP 2022



<latexit sha1_base64="57tVHRG49fmJjo1Bow8zaMbJDC0=">AAACAHicbVDLSgMxFM34rPVVdeHCTbAIroaZ1r4WQtGNywp9QaeWTJppQ5PMkGSEMnTjr7hxoYhbP8Odf2P6QNR64HIP59xLco8fMaq043xaK6tr6xubqa309s7u3n7m4LCpwlhi0sAhC2XbR4owKkhDU81IO5IEcZ+Rlj+6nvqteyIVDUVdjyPS5WggaEAx0kbqZY49gXyGeh6PYf0uMc0T8eTS6WWyjl0pFPOVAjQkXyiWytC1nRm+SRYsUOtlPrx+iGNOhMYMKdVxnUh3EyQ1xYxM0l6sSITwCA1Ix1CBOFHdZHbABJ4ZpQ+DUJoSGs7UnxsJ4kqNuW8mOdJD9debiv95nVgH5W5CRRRrIvD8oSBmUIdwmgbsU0mwZmNDEJbU/BXiIZIIa5NZ2oSwdPIyaeZst2jnbi+y1atFHClwAk7BOXBBCVTBDaiBBsBgAh7BM3ixHqwn69V6m4+uWIudI/AL1vsXzQOWjw==</latexit>

rµT
µ⌫ = 0



Perturbations around equilibrium:

<latexit sha1_base64="ZxZ+9ullbszWPrXe/CoXatN3H6c=">AAAB7XicbVDLSgMxFM34rPVVdekmWARXw0xrXwuh6MZlhb6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YaYuo9cCFwzn3cu89fsSo0o7zaa2tb2xubWd2srt7+weHuaPjthKxxKSFBROy6yNFGOWkpalmpBtJgkKfkY4/uUn9zgORigre1NOIeCEacRpQjLSR2s2r5sDJDnJ5x66VysVaCRpSLJUrVejazhzfJA+WaAxyH/2hwHFIuMYMKdVznUh7CZKaYkZm2X6sSITwBI1Iz1COQqK8ZH7tDJ4bZQgDIU1xDefqz4kEhUpNQ990hkiP1V8vFf/zerEOql5CeRRrwvFiURAzqAVMX4dDKgnWbGoIwpKaWyEeI4mwNgGlIay8vEraBdst24W7y3z9ehlHBpyCM3ABXFABdXALGqAFMLgHj+AZvFjCerJerbdF65q1nDkBv2C9fwGiGo6H</latexit>

T = T0

Initial equilibrium state:

<latexit sha1_base64="QFMpcT7NEcS0tVu5h6hxktRWuOM=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0UQhJC29rUQim5cVkgf0IYwmUzaoZMHMxOhhn6JGxeKuPVT3Pk3Ttoiaj1w4XDOvdx7jxszKqRpfmpr6xubW9u5nfzu3v5BQT886ooo4Zh0cMQi3neRIIyGpCOpZKQfc4ICl5GeO7nJ/N494YJGoSWnMbEDNAqpTzGSSnL0gnVlOebF0CNMImjlHb1oGs1qrdKsQkUq1Vq9AUuGOcc3KYIl2o7+MfQinAQklJghIQYlM5Z2irikmJFZfpgIEiM8QSMyUDREARF2Oj98Bs+U4kE/4qpCCefqz4kUBUJMA1d1BkiOxV8vE//zBon0G3ZKwziRJMSLRX7CoIxglgL0KCdYsqkiCHOqboV4jDjCUmWVhbDy8irplo1SzSjfXRZb18s4cuAEnIJzUAJ10AK3oA06AIMEPIJn8KI9aE/aq/a2aF3TljPH4Be09y8WppIX</latexit>

T = T0 + �T
<latexit sha1_base64="BDqGav+EA44HI1ENGcJLPnWToDU=">AAACB3icbVDLSgMxFM3UV62vqktBgkWoCMO0ta+FUHTjsoJ9QGcsmUymDc08SDJCGbpz46+4caGIW3/BnX9jOi2i1gP3cjjnXpJ77JBRIQ3jU0stLa+srqXXMxubW9s72d29tggijkkLByzgXRsJwqhPWpJKRrohJ8izGenYo8up37kjXNDAv5HjkFgeGvjUpRhJJfWzh9Gt6UXnSe/HeeNkcmo6hEkEZ1I2Z+j1cqVUL0NFSuVKtQYLupHgm+TAHM1+9sN0Ahx5xJeYISF6BSOUVoy4pJiRScaMBAkRHqEB6SnqI48IK07umMBjpTjQDbgqX8JE/bkRI0+IsWerSQ/JofjrTcX/vF4k3ZoVUz+MJPHx7CE3YlAGcBoKdCgnWLKxIghzqv4K8RBxhKWKLqNCWDh5kbSLeqGiF6/Pco2LeRxpcACOQB4UQBU0wBVoghbA4B48gmfwoj1oT9qr9jYbTWnznX3wC9r7F4+bmSM=</latexit>

uµ = uµ
(0) + �uµ

<latexit sha1_base64="Qp+3gOVf3AWh2yx6MCQL6AE4HsQ="></latexit>

uµ
(0) =

1p
1� v20

(1, 0, 0, v0)



Modes:

<latexit sha1_base64="5JW6xeM77uTGw5qCMJ7IUJspJ1w="></latexit>

w(k) = i
(✏+ P )

p
1� v20

⌘v20
+O(k)

Unstable mode

Hiscock and Lindblom, 1985 
Kovtun, 2019; Bemfica, Disconzi, Noronha, 2019



Causality is also violated:

<latexit sha1_base64="jIf+iWqIFrzlE8MN7THtm5pNvto="></latexit>

1 > lim
k!1

|Re(
w(k)

k
)| > 0



• MIS 
• BDNK 
• Density frame (Armas and Jain 2020)

HOW TO DEAL WITH THIS?

(see 2024 papers by Bhambure, Singh, Teaney et al)



<latexit sha1_base64="57tVHRG49fmJjo1Bow8zaMbJDC0=">AAACAHicbVDLSgMxFM34rPVVdeHCTbAIroaZ1r4WQtGNywp9QaeWTJppQ5PMkGSEMnTjr7hxoYhbP8Odf2P6QNR64HIP59xLco8fMaq043xaK6tr6xubqa309s7u3n7m4LCpwlhi0sAhC2XbR4owKkhDU81IO5IEcZ+Rlj+6nvqteyIVDUVdjyPS5WggaEAx0kbqZY49gXyGeh6PYf0uMc0T8eTS6WWyjl0pFPOVAjQkXyiWytC1nRm+SRYsUOtlPrx+iGNOhMYMKdVxnUh3EyQ1xYxM0l6sSITwCA1Ix1CBOFHdZHbABJ4ZpQ+DUJoSGs7UnxsJ4kqNuW8mOdJD9debiv95nVgH5W5CRRRrIvD8oSBmUIdwmgbsU0mwZmNDEJbU/BXiIZIIa5NZ2oSwdPIyaeZst2jnbi+y1atFHClwAk7BOXBBCVTBDaiBBsBgAh7BM3ixHqwn69V6m4+uWIudI/AL1vsXzQOWjw==</latexit>

rµT
µ⌫ = 0

Equilibrium (ideal order) stress tensor and current:

<latexit sha1_base64="QXgvO7P8Vu4e0Bc8ulfX67vdk0g=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXA3T1r4WQtGNuKpgH9AZh0yatqGZzJBkhDLMxl9x40IRt36GO//G9IGo9cDlHs65l+QeP2JUKtv+NJaWV1bX1jMb2c2t7Z1dc2+/JcNYYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/dDnx2/dESBryWzWOiBugAad9ipHSkmceOhz5DHlOEMPru0Q3h8fpue2ZOduqlcrFWglqUiyVK1WYt+wpvkkOzNHwzA+nF+I4IFxhhqTs5u1IuQkSimJG0qwTSxIhPEID0tWUo4BIN5kekMITrfRgPxS6uIJT9edGggIpx4GvJwOkhvKvNxH/87qx6lfdhPIoVoTj2UP9mEEVwkkasEcFwYqNNUFYUP1XiIdIIKx0ZlkdwsLJi6RVsPJlq3BzlqtfzOPIgCNwDE5BHlRAHVyBBmgCDFLwCJ7Bi/FgPBmvxttsdMmY7xyAXzDevwC9bZaF</latexit>

rµJ
µ⌫ = 0

<latexit sha1_base64="5AG2PfzgWmsAPCkvcDkLMNBDsGE="></latexit>

Tµ⌫ = (✏+ p)uµu⌫ + pgµ⌫ � µ⇢hµh⌫

<latexit sha1_base64="2w8OQIMTYFhml/FdXjsEVHbR4L8=">AAACCnicbVDJSgNBEO1xjXGLevTSGgRPYZKY7SAEvYinCGaBzCT0dDpJk56eoRchDHP24q948aCIV7/Am39jZ0HU+KDg8V4VVfW8kFGpbPvTWlpeWV1bT2wkN7e2d3ZTe/sNGWiBSR0HLBAtD0nCKCd1RRUjrVAQ5HuMNL3R5cRv3hEhacBv1Tgkro8GnPYpRspI3dTRdSdyfO1wHZ/nHDEMoO5EbaPEQ2Nw7cbdVNrOVArFfKUADckXiqUyzGbsKb5JGsxR66Y+nF6AtU+4wgxJ2c7aoXIjJBTFjMRJR0sSIjxCA9I2lCOfSDeavhLDE6P0YD8QpriCU/XnRIR8Kce+Zzp9pIbyrzcR//PaWvXLbkR5qBXheLaorxlUAZzkAntUEKzY2BCEBTW3QjxEAmFl0kuaEBZeXiSNXCZbzORuztLVi3kcCXAIjsEpyIISqIIrUAN1gME9eATP4MV6sJ6sV+tt1rpkzWcOwC9Y719UUptX</latexit>

Jµ⌫ = 2⇢u[µh⌫]

<latexit sha1_base64="8rMM4KTxjlwL6e+suczezbHf8LU=">AAAB73icbVDLSgMxFM34rPVVdekmWIQKMsy09rUrunFZoS9oh5JJM21okhmTjFCG/oQbF4q49Xfc+TemD0StBy4czrmXe+/xI0aVdpxPa219Y3NrO7WT3t3bPzjMHB23VBhLTJo4ZKHs+EgRRgVpaqoZ6USSIO4z0vbHNzO//UCkoqFo6ElEPI6GggYUI22kTpRrXPZ4fNHPZB27WiwVqkVoSKFYKlegaztzfJMsWKLez3z0BiGOOREaM6RU13Ui7SVIaooZmaZ7sSIRwmM0JF1DBeJEecn83ik8N8oABqE0JTScqz8nEsSVmnDfdHKkR+qvNxP/87qxDipeQkUUayLwYlEQM6hDOHseDqgkWLOJIQhLam6FeIQkwtpElDYhrLy8Slp52y3Z+burbO16GUcKnIIzkAMuKIMauAV10AQYMPAInsGLdW89Wa/W26J1zVrOnIBfsN6/AHXPj5w=</latexit>

p(T, µ)



<latexit sha1_base64="5AG2PfzgWmsAPCkvcDkLMNBDsGE="></latexit>

Tµ⌫ = (✏+ p)uµu⌫ + pgµ⌫ � µ⇢hµh⌫

<latexit sha1_base64="2w8OQIMTYFhml/FdXjsEVHbR4L8=">AAACCnicbVDJSgNBEO1xjXGLevTSGgRPYZKY7SAEvYinCGaBzCT0dDpJk56eoRchDHP24q948aCIV7/Am39jZ0HU+KDg8V4VVfW8kFGpbPvTWlpeWV1bT2wkN7e2d3ZTe/sNGWiBSR0HLBAtD0nCKCd1RRUjrVAQ5HuMNL3R5cRv3hEhacBv1Tgkro8GnPYpRspI3dTRdSdyfO1wHZ/nHDEMoO5EbaPEQ2Nw7cbdVNrOVArFfKUADckXiqUyzGbsKb5JGsxR66Y+nF6AtU+4wgxJ2c7aoXIjJBTFjMRJR0sSIjxCA9I2lCOfSDeavhLDE6P0YD8QpriCU/XnRIR8Kce+Zzp9pIbyrzcR//PaWvXLbkR5qBXheLaorxlUAZzkAntUEKzY2BCEBTW3QjxEAmFl0kuaEBZeXiSNXCZbzORuztLVi3kcCXAIjsEpyIISqIIrUAN1gME9eATP4MV6sJ6sV+tt1rpkzWcOwC9Y719UUptX</latexit>

Jµ⌫ = 2⇢u[µh⌫]

Out of equilibrium:
<latexit sha1_base64="6kh4xI/FNjrurvjPlwyn5ugWSDc=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQEcpMa1+7ohuXFfqCzlgyadqGZjJDklHK2E9x40IRt36JO//G9IGo9cCFwzn3cu89XsioVJb1aSTW1jc2t5LbqZ3dvf0DM33YkkEkMGnigAWi4yFJGOWkqahipBMKgnyPkbY3vpr57TsiJA14Q01C4vpoyOmAYqS01DPT543b2PEjh0fTXpy1z6Y9M2PlqsVSoVqEmhSKpXIF2jlrjm+SAUvUe+aH0w9w5BOuMENSdm0rVG6MhKKYkWnKiSQJER6jIelqypFPpBvPT5/CU6304SAQuriCc/XnRIx8KSe+pzt9pEbyrzcT//O6kRpU3JjyMFKE48WiQcSgCuAsB9ingmDFJpogLKi+FeIREggrnVZKh7Dy8ipp5XN2KZe/ucjULpdxJMExOAFZYIMyqIFrUAdNgME9eATP4MV4MJ6MV+Nt0ZowljNH4BeM9y/1FZPT</latexit>

+Tµ⌫
(1)

<latexit sha1_base64="bqAzdQ0gtY0iB1NcqJKMj+AIE18=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQEYaZ1r52RTfiqoJ9QFtLJs20oZnMkGSUMvZT3LhQxK1f4s6/MX0gaj1w4XDOvdx7jxsyKpVtfxqJldW19Y3kZmpre2d3z0zvN2QQCUzqOGCBaLlIEkY5qSuqGGmFgiDfZaTpji6mfvOOCEkDfqPGIen6aMCpRzFSWuqZ6dOr27jjRx0eTXpx1jmZ9MyMbVUKxXylADXJF4qlMnQse4ZvkgEL1HrmR6cf4MgnXGGGpGw7dqi6MRKKYkYmqU4kSYjwCA1IW1OOfCK78ez0CTzWSh96gdDFFZypPydi5Es59l3d6SM1lH+9qfif146UV+7GlIeRIhzPF3kRgyqA0xxgnwqCFRtrgrCg+laIh0ggrHRaKR3C0svLpJGznKKVuz7LVM8XcSTBITgCWeCAEqiCS1ADdYDBPXgEz+DFeDCejFfjbd6aMBYzB+AXjPcv5VeTyQ==</latexit>

+Jµ⌫
(1)

Temperature, velocity, chemical potential and director can be redefined:

<latexit sha1_base64="5qbCgSI3sB3fRe80qRF2HNQgPVM=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEEISStfe2KblxWSB/QhDKZTNqhkwczE6XEfoobF4q49Uvc+TdOH4haD1w4nHMv997jJYwKaZqf2tr6xubWdm4nv7u3f3CoF446Ik45Jm0cs5j3PCQIoxFpSyoZ6SWcoNBjpOuNr2d+945wQePIlpOEuCEaRjSgGEklDfSC7cgY2vACOj5hEkF7oBdNo1GplhsVqEi5Uq3VoWWYc3yTIliiNdA/HD/GaUgiiRkSom+ZiXQzxCXFjEzzTipIgvAYDUlf0QiFRLjZ/PQpPFOKD4OYq4oknKs/JzIUCjEJPdUZIjkSf72Z+J/XT2VQdzMaJakkEV4sClIG1bezHKBPOcGSTRRBmFN1K8QjxBGWKq28CmHl5VXSKRlW1SjdXhabV8s4cuAEnIJzYIEaaIIb0AJtgME9eATP4EV70J60V+1t0bqmLWeOwS9o71+bJJL0</latexit>

T ! T + �T
<latexit sha1_base64="za/UkyI45/Tk/xX4fBpl0MflV5Y=">AAACBnicbVBLSwMxGMz6rPW16lGEYBEEYdlt7etW9OKxgn1Ady3ZbLYNzT5IskJZevLiX/HiQRGv/gZv/hvTbRG1DgQmM99HMuPGjAppmp/a0vLK6tp6biO/ubW9s6vv7bdFlHBMWjhiEe+6SBBGQ9KSVDLSjTlBgctIxx1dTv3OHeGCRuGNHMfECdAgpD7FSCqprx8lt3aQ2DKCGYFn0PYIk2h27esF06iXK6V6GSpSKleqNWgZZoZvUgBzNPv6h+1FOAlIKDFDQvQsM5ZOirikmJFJ3k4EiREeoQHpKRqigAgnzWJM4IlSPOhHXJ1Qwkz9uZGiQIhx4KrJAMmh+OtNxf+8XiL9mpPSME4kCfHsIT9hUKWedgI9ygmWbKwIwpyqv0I8RBxhqZrLqxIWIi+SdtGwKkbx+rzQuJjXkQOH4BicAgtUQQNcgSZoAQzuwSN4Bi/ag/akvWpvs9Elbb5zAH5Be/8Cq+6Yow==</latexit>

uµ ! uµ + �uµ

<latexit sha1_base64="MIJMEKVMYfHA0gT3FzQI/haYat8=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJlgEQRimrb3tim5cVrAX6Awlk2ba0MyF5IwwlPoqblwo4tYHcefbmF4QtR5I+Pj/c8jJ78WCK7DtT2NtfWNzazuzk93d2z84NI+O2ypKJGUtGolIdj2imOAhawEHwbqxZCTwBOt44+uZ37lnUvEovIM0Zm5AhiH3OSWgpb6Zc4LEgUjfF86ACSCa+mbeturlSqlexhpK5Uq1hguWPa9vyKNlNfvmhzOIaBKwEKggSvUKdgzuhEjgVLBp1kkUiwkdkyHraQxJwJQ7mS8/xWdaGWA/kvqEgOfqz4kJCZRKA093BgRG6q83E//zegn4NXfCwzgBFtLFQ34iMER4lgQecMkoiFQDoZLrXTEdEUko6LyyOoSVL69Cu2gVKlbx9jLfuFrGkUEn6BSdowKqoga6QU3UQhSl6BE9oxfjwXgyXo23ReuasZzJoV9lvH8BZQWVRg==</latexit>

µ ! µ+ �µ

<latexit sha1_base64="JDszopZJrGELBtowabWKFznKEpU=">AAACBHicbVBLSwMxGMz6rPW16rGXYBEEYdlt7etW9OKxgn1Ady3ZbLYNzT5IskJZevDiX/HiQRGv/ghv/hvTbRG1DgQmM99HMuPGjAppmp/ayura+sZmbiu/vbO7t68fHHZElHBM2jhiEe+5SBBGQ9KWVDLSizlBgctI1x1fzvzuHeGCRuGNnMTECdAwpD7FSCppoBdGt3aQ2DKCGTmzPcIkml8GetE0GpVquVGBipQr1VodWoaZ4ZsUwQKtgf5hexFOAhJKzJAQfcuMpZMiLilmZJq3E0FihMdoSPqKhiggwkmzEFN4ohQP+hFXJ5QwU39upCgQYhK4ajJAciT+ejPxP6+fSL/upDSME0lCPH/ITxhUmWeNQI9ygiWbKIIwp+qvEI8QR1iq3vKqhKXIy6RTMqyqUbo+LzYvFnXkQAEcg1NggRpogivQAm2AwT14BM/gRXvQnrRX7W0+uqItdo7AL2jvX7SDmCg=</latexit>

hµ ! hµ + �hµ



General parametrisation:

Fixing frame gives 7 transport coefficients

General frame gives 28 transport coefficients! 
(big applause)

<latexit sha1_base64="blCUxNV0KQl5EFq8iRutYfXawK0="></latexit>

Tµ⌫
(1) = �"uµu⌫ + �f�µ⌫ + �⌧hµh⌫ + 2��h(µu⌫) + 2`(µh⌫) + 2k(µu⌫) + tµ⌫

<latexit sha1_base64="2SUrOba+VthhBb9zaIXkg+DPyYU="></latexit>

Jµ⌫
(1) = 2�%u[µh⌫] + 2m[µh⌫] + 2n[µu⌫] + sµ⌫



Why you don’t want to fix the frame:

<latexit sha1_base64="sc0TZjyRRF3eF89ABF/uXjSjfv8="></latexit>

w = i

p
1� v20
v20

⇢

µr||
+O(k)

Instability!



Not fixing a frame gives



TAKE CONSTANT MAGNETIC FIELDS

<latexit sha1_base64="ttuarO1FIYeX4v62DHFePOfzSsE=">AAAB+nicbVDJTgJBEO3BDXEb9OilIzGBC5khBDDxQPSiN0xkSWBCepoGOvQs6a4RycinePGgMV79Em/+jc0So+JLKnl5rypV9dxQcAWW9Wkk1tY3NreS26md3b39AzN92FBBJCmr00AEsuUSxQT3WR04CNYKJSOeK1jTHV3O/OYdk4oH/i1MQuZ4ZODzPqcEtNQ10x1g9xBfe9PsODvK5c6trpmx8mcl26pYWJOyXS7a2M5bc3yTDFqi1jU/Or2ARh7zgQqiVNu2QnBiIoFTwaapTqRYSOiIDFhbU594TDnx/PQpPtVKD/cDqcsHPFd/TsTEU2riubrTIzBUf72Z+J/XjqBfcWLuhxEwny4W9SOBIcCzHHCPS0ZBTDQhVHJ9K6ZDIgkFnVZKh7Dy8ippFPJ2KV+4KWaqF8s4kugYnaAsslEZVdEVqqE6omiMHtEzejEejCfj1XhbtCaM5cwR+gXj/Qsz85NR</latexit>

Im(w(k)) < 0
<latexit sha1_base64="RoVS9F9Gppbj3yqhKzJ5W7sfFbg="></latexit>

1 > lim
k!1

���
Re(w(k))

k

��� > 0

stability causality



GENERAL ANALYSIS

Two channels, 13 modes, 7 gapped

Many inequalities

J. Armas &  F. Camilloni, 2022

<latexit sha1_base64="VU0CqpbIfd3YAb1wmDaoiCXQvzs="></latexit>

n2 < 0 , k2 < 0 , (�1 + �2⇢T ) < 0 , g > 0 , ("4%3 � "3%4) < 0

<latexit sha1_base64="IhmUN2NFH4b5JfJQxByytjyi93g="></latexit>

g = T�(T 2%3 + "4 � 2µ%4)� T 2�("3 � µ%3) + µ�("4 � µ%4)� cT 2%4



SOLVING CONSTRAINTS: 
choose holographic equation of state and transport coefficients 

Grozdanov & Poovuttikul 2017



CAUSAL  
AND  
STABLE!

Had to turn on 7 BDNK coefficients



III - NUMERICAL IMPLEMENTATION

R. Lier, A. Jain, JA, O. Porth, 2025



I have 28 
coefficients, 
put that into  

code

It ain’t gonna  
happen



RESISTIVE MHD ONE-FORM MHD
<latexit sha1_base64="bnPABLZzd1OyKGl2z5lAbFwodp8=">AAACCXicdZDLSsNAFIYnXmu9RV26GSyCCwlJ0Vh3RTfiqkJv0KRlMp20QyeTMDMRSujWja/ixoUibn0Dd76N0wtSbz8MfPznHM6cP0gYlcq2P4yFxaXlldXcWn59Y3Nr29zZrcs4FZjUcMxi0QyQJIxyUlNUMdJMBEFRwEgjGFyO641bIiSNeVUNE+JHqMdpSDFS2uqYsNrOvCj1eDo6htdz7Il+3NbYMQu2de6W3OIpdCx7ot9QADNVOua7141xGhGuMENSthw7UX6GhKKYkVHeSyVJEB6gHmlp5Cgi0s8ml4zgoXa6MIyFflzBiTs/kaFIymEU6M4Iqb78WRubf9VaqQpLfkZ5kirC8XRRmDKoYjiOBXapIFixoQaEBdV/hbiPBMJKh5fXIfx/+xfUi5bjWu7NSaF8MYsjB/bBATgCDjgDZXAFKqAGMLgDD+AJPBv3xqPxYrxOWxeM2cwe+Cbj7RN7pZo6</latexit>

Tµ⌫ , Jµ⌫ , ⇢⌫
<latexit sha1_base64="xy9V+gorN1MAMiuRg1zMu6pPSFk=">AAACEnicdVDJSgNBEO1xjXGLevTSGASFECZBY7wFvYinCNkgk4SeTidp0tMzdNeIYZhv8OKvePGgiFdP3vwbOwvi+qDg8V4VVfXcQHANtv1uzc0vLC4tJ1aSq2vrG5upre2a9kNFWZX6wlcNl2gmuGRV4CBYI1CMeK5gdXd4Pvbr10xp7ssKjALW8khf8h6nBIzUSR1W2pHjhY4M4wy+nPC4EznAbiAyFccZRw38tvE7qbSdPS0UC/ljnMvaE/wmaTRDuZN6c7o+DT0mgQqidTNnB9CKiAJOBYuTTqhZQOiQ9FnTUEk8plvR5KUY7xuli3u+MiUBT9SvExHxtB55run0CAz0T28s/uU1Q+gVWxGXQQhM0umiXigw+HicD+5yxSiIkSGEKm5uxXRAFKFgUkyaEP7//ZPU8tlcIVu4OkqXzmZxJNAu2kMHKIdOUAldoDKqIopu0T16RE/WnfVgPVsv09Y5azazg77Bev0A+KGe9g==</latexit>

Tµ⌫ , Jµ
ext, ⇢

⌫

?

STIFFNESS PROBLEM 
(IMEX)

<latexit sha1_base64="AbgbYMlNnUJQ/hTuRfm/exd+SvQ="></latexit>

r⌫F
µ⌫ = q uµ +

⇣
�kb̂

µb̂⌫ + �?Bµ⌫
⌘
e⌫ ,

<latexit sha1_base64="7c5ec/y86DmJeYLo7LcmpntluWo=">AAACK3icjVDLSgMxFM34rPVVdekmWISKUtoi6kYoFdFlBVsLnVoyaaYNTWaG5E6hDPM/bvwVF7rwgVv/w3Q6CxUFDwTOPede7s1xAsE1lEqv1szs3PzCYmYpu7yyurae29hsaj9UlDWoL3zVcohmgnusARwEawWKEekIduMMzyb+zYgpzX3vGsYB60jS97jLKQEjdXM1dmvLEJ9i+4JISXAhsh0Xn8c27fmQ8FF8kGr7aW0Dl0zjpKrFe91cvlwsJcB/kzxKUe/mHu2eT0PJPKCCaN0ulwLoREQBp4LFWTvULCB0SPqsbahHzLZOlPw1xrtG6WHXV+Z5gBP160REpNZj6ZhOSWCgf3oT8TevHYJ70om4F4TAPDpd5IYCg48nweEeV4yCGBtCqOLmVkwHRBEKJt7s/0JoVorlo2Ll6jBfraVxZNA22kEFVEbHqIouUR01EEV36AE9oxfr3nqy3qz3aeuMlc5soW+wPj4B+36mVg==</latexit>

eµ = �(E · v,E+ v ⇥B)
<latexit sha1_base64="3Kbs4YBN6nAApZylYxXB74QEcFk=">AAACBHicjVC7SgNBFJ2Nrxhfq5ZpBoNgY9wNojZC0ELLCOYB2TXMTmaTITOz68xsICxb2PgrNhaK2PoRdv6Nk0ehouCBC4dz7uXee4KYUaUd58PKzc0vLC7llwsrq2vrG/bmVkNFicSkjiMWyVaAFGFUkLqmmpFWLAniASPNYHA+9ptDIhWNxLUexcTnqCdoSDHSRurYRe8CcY5O3QNP3UqduvupF4RwmN1Uso5dcsvOBPBvUgIz1Dr2u9eNcMKJ0JghpdquE2s/RVJTzEhW8BJFYoQHqEfahgrEifLTyRMZ3DVKF4aRNCU0nKhfJ1LElRrxwHRypPvqpzcWf/PaiQ5P/JSKONFE4OmiMGFQR3CcCOxSSbBmI0MQltTcCnEfSYS1ya3wvxAalbJ7VK5cHZaqZ7M48qAIdsAecMExqIJLUAN1gMEdeABP4Nm6tx6tF+t12pqzZjPb4Bust097aJdd</latexit>

� = 1/
p

1� v2



<latexit sha1_base64="57tVHRG49fmJjo1Bow8zaMbJDC0=">AAACAHicbVDLSgMxFM34rPVVdeHCTbAIroaZ1r4WQtGNywp9QaeWTJppQ5PMkGSEMnTjr7hxoYhbP8Odf2P6QNR64HIP59xLco8fMaq043xaK6tr6xubqa309s7u3n7m4LCpwlhi0sAhC2XbR4owKkhDU81IO5IEcZ+Rlj+6nvqteyIVDUVdjyPS5WggaEAx0kbqZY49gXyGeh6PYf0uMc0T8eTS6WWyjl0pFPOVAjQkXyiWytC1nRm+SRYsUOtlPrx+iGNOhMYMKdVxnUh3EyQ1xYxM0l6sSITwCA1Ix1CBOFHdZHbABJ4ZpQ+DUJoSGs7UnxsJ4kqNuW8mOdJD9debiv95nVgH5W5CRRRrIvD8oSBmUIdwmgbsU0mwZmNDEJbU/BXiIZIIa5NZ2oSwdPIyaeZst2jnbi+y1atFHClwAk7BOXBBCVTBDaiBBsBgAh7BM3ixHqwn69V6m4+uWIudI/AL1vsXzQOWjw==</latexit>

rµT
µ⌫ = 0

Equilibrium (ideal order) stress tensor and current:

<latexit sha1_base64="QXgvO7P8Vu4e0Bc8ulfX67vdk0g=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXA3T1r4WQtGNuKpgH9AZh0yatqGZzJBkhDLMxl9x40IRt36GO//G9IGo9cDlHs65l+QeP2JUKtv+NJaWV1bX1jMb2c2t7Z1dc2+/JcNYYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/dDnx2/dESBryWzWOiBugAad9ipHSkmceOhz5DHlOEMPru0Q3h8fpue2ZOduqlcrFWglqUiyVK1WYt+wpvkkOzNHwzA+nF+I4IFxhhqTs5u1IuQkSimJG0qwTSxIhPEID0tWUo4BIN5kekMITrfRgPxS6uIJT9edGggIpx4GvJwOkhvKvNxH/87qx6lfdhPIoVoTj2UP9mEEVwkkasEcFwYqNNUFYUP1XiIdIIKx0ZlkdwsLJi6RVsPJlq3BzlqtfzOPIgCNwDE5BHlRAHVyBBmgCDFLwCJ7Bi/FgPBmvxttsdMmY7xyAXzDevwC9bZaF</latexit>

rµJ
µ⌫ = 0

<latexit sha1_base64="fDB1sB4cOmlcm40NX295P/jgrEI=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5CRbBVUiKxroQim5cVrAPaGKYTCft0JlJmJkINRR/xY0LRdz6H+78G6cPxOeByz2ccy9z50QpJVI5zrtRmJtfWFwqLpdWVtfWN8zNraZMMoFwAyU0Ee0ISkwJxw1FFMXtVGDIIopb0eB87LdusJAk4VdqmOKAwR4nMUFQaSk0d3wOIwpDn2W+6CfXup86oVl27BOv6lWOLNd2JvhNymCGemi++d0EZQxzhSiUsuM6qQpyKBRBFI9KfiZxCtEA9nBHUw4ZlkE+uX5k7Wula8WJ0MWVNVG/buSQSTlkkZ5kUPXlT28s/uV1MhVXg5zwNFOYo+lDcUYtlVjjKKwuERgpOtQEIkH0rRbqQwGR0oGVdAj///2TNCu269ne5WG5djaLowh2wR44AC44BjVwAeqgARC4BffgETwZd8aD8Wy8TEcLxmxnG3yD8foBhN+VSQ==</latexit>

rµ⇢
µ = 0

<latexit sha1_base64="5Aex2Tv7BEEIUQLurKcu4cI7mQI="></latexit>

Tµ⌫ =
�
✏+ P + b2

�
uµu⌫ +

✓
p+

1

2
b2
◆
gµ⌫ � bµb⌫

<latexit sha1_base64="2W29swi0mS9H1+QqCpAWdqpUSS8=">AAACBXicdVC7SgNBFJ2NrxhfUUstBoNgFXaDxlgIQRuximAesNmE2clsMmR2dpmHEJZtbPwVGwtFbP0HO//GyQPxeeDCmXPuZe49fsyoVLb9bmXm5hcWl7LLuZXVtfWN/OZWQ0ZaYFLHEYtEy0eSMMpJXVHFSCsWBIU+I01/eD72mzdESBrxazWKiReiPqcBxUgZqZvfvewk7VC3uU5PS7qTuOaR+kbj2ku7+YJdPClXyqUj6BTtCX6TApih1s2/tXsR1iHhCjMkpevYsfISJBTFjKS5tpYkRniI+sQ1lKOQSC+ZXJHCfaP0YBAJU1zBifp1IkGhlKPQN50hUgP50xuLf3muVkHFSyiPtSIcTz8KNIMqguNIYI8KghUbGYKwoGZXiAdIIKxMcDkTwv+3f5JGqeiUi+Wrw0L1bBZHFuyAPXAAHHAMquAC1EAdYHAL7sEjeLLurAfr2XqZtmas2cw2+Abr9QN1Upk4</latexit>

Jµ⌫ = 2u[µb⌫]
<latexit sha1_base64="qE/n7aqG2jByI/dEuWdD6xr8jwY=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgqqRFY10IRTcuK9gHNGmZTCft0MkkzEMoof6KGxeKuPVD3Pk3TtoiPg9cOJxzL/feEySMSuU471ZuaXlldS2/XtjY3NresXf3WjLWApMmjlksOgGShFFOmooqRjqJICgKGGkH48vMb98SIWnMb9QkIX6EhpyGFCNlpL5d9MQo7nlcn2cE6p4X6b5dcspnbs2tnsBK2ZnhNymBBRp9+80bxFhHhCvMkJTdipMoP0VCUczItOBpSRKEx2hIuoZyFBHpp7Pjp/DQKAMYxsIUV3Cmfp1IUSTlJApMZ4TUSP70MvEvr6tVWPNTyhOtCMfzRaFmUMUwSwIOqCBYsYkhCAtqboV4hATCyuRVMCH8//snaVXLFbfsXh+X6heLOPJgHxyAI1ABp6AOrkADNAEGE3APHsGTdWc9WM/Wy7w1Zy1miuAbrNcP3a2U7w==</latexit>

⇢⌫ = ⇢uµ



<latexit sha1_base64="qHarHik7gsTleZ/ZPVWap/8zLAA=">AAAB8XicdVDJSgNBEO2JW4xb1KOXxiB4GiZBx3gLevEYIRtmxtDT6UmadPcMvQhhyF948aCIV//Gm39jZ0FcHxQ83quiql6UMqq05707uaXlldW1/HphY3Nre6e4u9dSiZGYNHHCEtmJkCKMCtLUVDPSSSVBPGKkHY0up377jkhFE9HQ45SEHA0EjSlG2ko3jdss4CYQZtIrljz33K/6lVNYdr0ZfpMSWKDeK74F/QQbToTGDCnVLXupDjMkNcWMTAqBUSRFeIQGpGupQJyoMJtdPIFHVunDOJG2hIYz9etEhrhSYx7ZTo70UP30puJfXtfouBpmVKRGE4Hni2LDoE7g9H3Yp5JgzcaWICypvRXiIZIIaxtSwYbw/++fpFVxy77rX5+UaheLOPLgAByCY1AGZ6AGrkAdNAEGAtyDR/DkKOfBeXZe5q05ZzGzD77Bef0AFeKRNg==</latexit>

Tµ⌫

RESISTIVE MHD DUAL

IDEAL
<latexit sha1_base64="5G06Dem3EQbyTL/25NO6kdRRjBA=">AAAB73icdVDLSsNAFL3xWeur6tLNYBFchaRorLuiG5cV7AOaWCbTSTt0MokzE6GE/oQbF4q49Xfc+TdOH4jPAxcO59zLvfeEKWdKO867tbC4tLyyWlgrrm9sbm2XdnabKskkoQ2S8ES2Q6woZ4I2NNOctlNJcRxy2gqHFxO/dUelYom41qOUBjHuCxYxgrWR2r4cJDe+yLqlsmOfeVWvcoJc25niNynDHPVu6c3vJSSLqdCEY6U6rpPqIMdSM8LpuOhniqaYDHGfdgwVOKYqyKf3jtGhUXooSqQpodFU/TqR41ipURyazhjrgfrpTcS/vE6mo2qQM5FmmgoyWxRlHOkETZ5HPSYp0XxkCCaSmVsRGWCJiTYRFU0I///+SZoV2/Vs7+q4XDufx1GAfTiAI3DhFGpwCXVoAAEO9/AIT9at9WA9Wy+z1gVrPrMH32C9fgBqO5A9</latexit>

⇢⌫ IDEAL

IDEAL 
GAS

SYSTEM IS STABLE AND CAUSAL FOR 
SUFFICIENTLY LARGE 

<latexit sha1_base64="HyAR7NdN/I3dxR8AquvQwaEHVVI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GJO1BRcEHA4/3ZpiZF8RSWHTdD6e0srq2vlHerGxt7+zuVfcPOjZKDONtFsnI9AJquRSat1Gg5L3YcKoCybvB9Dr3u/fcWBHpO5zF3Fd0rEUoGMVcGiBNhtWaV3cLkL9JDZZoDavvg1HEEsU1Mkmt7XtujH5KDQom+bwySCyPKZvSMe9nVFPFrZ8Wt87JSaaMSBiZrDSSQv06kVJl7UwFWaeiOLE/vVz8zesnGF76qdBxglyzxaIwkQQjkj9ORsJwhnKWEcqMyG4lbEINZZjFU/lfCJ1G3TuvN27Pas2rZRxlOIJjOAUPLqAJN9CCNjCYwAM8wbOjnEfnxXldtJac5cwhfIPz9gkn3I5S</latexit>

⌧

(see also Hoult, Kovtun, 2024)

<latexit sha1_base64="1vh4XfUkrE2FX8pMrLWaByat6oo=">AAACFXicjZBLSwMxFIUzPmt9jbp0EyyCoJZOEXUjiG5cKlgVOkO5k2Y6wTyGJCOUYf6EG/+KGxeKuBXc+W9MaxcqCh4IHM65lyRfnHFmbKPx7o2NT0xOTVdmqrNz8wuL/tLyhVG5JrRFFFf6KgZDOZO0ZZnl9CrTFETM6WV8fTzoL2+oNkzJc9vPaCSgJ1nCCFgXdfytkGaGcSXxAQ51qvAmDhMNpMjKIkzBFmEPhIASb+Og7Pi1oN4YCv9tamik047/FnYVyQWVlnAwph00MhsVoC0jnJbVMDc0A3INPdp2VoKgJiqGvyrxuku6OFHaHWnxMP26UYAwpi9iNynApuZnNwh/69q5Tfajgskst1SSz4uSnGOr8AAR7jJNieV9Z4Bo5t6KSQoOinUgq/+DcNGsB7v15tlO7fBohKOCVtEa2kAB2kOH6ASdohYi6Bbdo0f05N15D96z9/I5OuaNdlbQN3mvHzBtnjY=</latexit>

✏ = ⇢+
p

�̂ � 1
<latexit sha1_base64="DXlfgdYKZ4eUAtV93HQAtGCNNyI=">AAACAHicjVDLSsNAFL3xWesr6sKFm2ARXJWkiLosunFZoS9oQplMJ+3QycwwMxFKyMZfceNCEbd+hjv/xuljoaLggQuHc+7l3ntiyag2vv/hLC2vrK6tlzbKm1vbO7vu3n5bi0xh0sKCCdWNkSaMctIy1DDSlYqgNGakE4+vp37njihNBW+aiSRRioacJhQjY6W+e9gMpRLSCC9MFMK5LPJQjUTRdytB1Z/B+5tUYIFG330PBwJnKeEGM6R1L/CliXKkDMWMFOUw00QiPEZD0rOUo5ToKJ89UHgnVhl4iVC2uPFm6teJHKVaT9LYdqbIjPRPbyr+5vUyk1xGOeUyM4Tj+aIkY579d5qGN6CKYMMmliCsqL3VwyNkgzA2s/L/QmjXqsF5tXZ7VqlfLeIowREcwykEcAF1uIEGtABDAQ/wBM/OvfPovDiv89YlZzFzAN/gvH0CkgeXDA==</latexit>

T / p

⇢

<latexit sha1_base64="v5AwMfneM/M+/GY1tykL/8EezYY="></latexit>

Jµ⌫ = Jµ⌫
(0) + Jµ⌫

(1) � 2⌧u[µ
r⇢J

⌫]⇢
(0) +O(@3)

<latexit sha1_base64="DGSOOFuMqk/0yyqQqKnZQQZmcD8="></latexit>

Jµ⌫
(1) = �

⇣
2r?B⇢[µb̂⌫]b̂� + rkBµ⇢B⌫�

⌘
2T@[⇢

✓
b�]
T

◆



FLUX CONSERVATIVE  
FORM
(see also Pandya, Most, Pretorius, 2022)

<latexit sha1_base64="/r1qSyd1VE70DGKKeCbbLV5HtPU=">AAACJnicjVDLSsNAFJ34rPUVdelmsAiCUNIi6qZQFMRlRdMWmhgm00k7dDIJMxOhhHyNG3/FjYuKiDs/xUlb6gMFDwyce8693DvHjxmVyrLejLn5hcWl5cJKcXVtfWPT3NpuyigRmNg4YpFo+0gSRjmxFVWMtGNBUOgz0vIH57nfuiNC0ojfqGFM3BD1OA0oRkpLnlmDToyEooh5CjohUn0/SO0MHn7qdKZfZLcU1mbldeaZpUrZGgP+TUpgioZnjpxuhJOQcIUZkrJTsWLlpvkmzEhWdBJJYoQHqEc6mnIUEumm429mcF8rXRhEQj+u4Fj9OpGiUMph6OvO/EL508vF37xOooJTN6U8ThTheLIoSBhUEcwzg10qCFZsqAnCgupbIe4jgbDSyRb/F0KzWq4cl6tXR6X62TSOAtgFe+AAVMAJqINL0AA2wOAePIIReDYejCfjxXidtM4Z05kd8A3G+wcdCKWT</latexit>

@tU+ @iF
i = S

<latexit sha1_base64="ninfVmZ5anEGx+9LTNmhJkRnvT4="></latexit>

U =

0

BBBB@

⇢t

T tk

T tt

J tk

bk

1

CCCCA
, Fi =

0

BBBB@

⇢ui

T ik

T it

J ik

0

1

CCCCA
, S =

0

BBBB@

0
0
0
0
ḃk

1

CCCCA
,

<latexit sha1_base64="XUL4PSfcB5wOoEWBH+o+ZDu0Ih0="></latexit>

P =
⇣
⇢ , ui , p , J ti , bi , u̇i , ✏̇ , ⇢̇

⌘
<latexit sha1_base64="F7EZ439bGNAYjl1Z+S3Btnq6IoQ=">AAACGnicjVDLSsNAFL3xWesr6tJNsAjtpiRF1I1QFMRlBdMW2lgm00k7dDIJMxOhhHyHG3/FjQtF3Ikb/8bpQ6mi4IGBc8+5l3vn+DGjUtn2uzE3v7C4tJxbya+urW9smlvbdRklAhMXRywSTR9JwignrqKKkWYsCAp9Rhr+4GzkN26IkDTiV2oYEy9EPU4DipHSUsd02iFSfT9Iz7NrejJbFD+LWvZF3axU6pgFp2yPYf1NCjBFrWO+trsRTkLCFWZIypZjx8pLkVAUM5Ll24kkMcID1CMtTTkKifTS8dcya18rXSuIhH5cWWN1diJFoZTD0NedoxvlT28k/ua1EhUceynlcaIIx5NFQcIsFVmjnKwuFQQrNtQEYUH1rRbuI4Gw0mnm/xdCvVJ2DsuVy4NC9XQaRw52YQ+K4MARVOECauAChlu4h0d4Mu6MB+PZeJm0zhnTmR34BuPtA89HoVU=</latexit>

Fi = Fi(P(U))



<latexit sha1_base64="ubjE06UycRPv3uS40SancQcwuUU="></latexit> �
ux, uy

�
=

⇣
��vmax sin(y),�vmax sin(x)

⌘

�
J tx, J ty

�
=

⇣
� sin(y), sin(2x)

⌘THE ORSZAG-TANG VORTEX



THE ORSZAG-TANG VORTEX



THE ORSZAG-TANG VORTEX

HOW WELL  
DOES IT DO?

<latexit sha1_base64="ub3PLOLUA4Z2NnsOf7bPBPCAHNA="></latexit>

T tt = T tt
EM + T tt

PAKE + T tt
EN



IV- APPROXIMATE HIGHER-FORMS 
AND GENERALIZED MELTING



MAGNETIC MONOPOLES
Gauss constraint:

<latexit sha1_base64="iy6PdFgJpr9/Q97JQ4YRfK+y/ys=">AAAB/3icjVBNS8NAEN3Ur1q/ooIXL4tF8FTSIupFKHoRTxXsBzQxTLabdunuJuxuhBJ78K948aCIV/+GN/+NSduDioIPhnm8N8MML4g508ZxPqzC3PzC4lJxubSyura+YW9utXSUKEKbJOKR6gSgKWeSNg0znHZiRUEEnLaD4Xnut2+p0iyS12YUU09AX7KQETCZ5Ns7roSAg++KBF/epHkz41PHt8vVijMB/puU0QwN3353exFJBJWGcNC6W3Vi46WgDCOcjktuomkMZAh92s2oBEG1l07+H+P9TOnhMFJZSYMn6teNFITWIxFkkwLMQP/0cvE3r5uY8MRLmYwTQyWZHgoTjk2E8zBwjylKDB9lBIhi2a+YDEABMVlkpf+F0KpVqkeV2tVhuX42i6OIdtEeOkBVdIzq6AI1UBMRdIce0BN6tu6tR+vFep2OFqzZzjb6BuvtEyCjlYc=</latexit>

rµJ
µt = 0

Magnetic monopoles:
<latexit sha1_base64="sA2b0R8W5Ymvajb2ox8CdVdWJBQ=">AAACCnicjVDLSgMxFM3UV62vUZduokVwVWaKqBuh6EbERQX7gM50yKSZNjTJDElGKEPXbvwVNy4UcesXuPNvzLRdqCh4IORwzr3ce0+YMKq043xYhbn5hcWl4nJpZXVtfcPe3GqqOJWYNHDMYtkOkSKMCtLQVDPSTiRBPGSkFQ7Pc791S6SisbjRo4T4HPUFjShG2kiBvesJFDIUeDyFl90s/zyRjk89whi86hoe2GW34kwA/yZlMEM9sN+9XoxTToTGDCnVcZ1E+xmSmmJGxiUvVSRBeIj6pGOoQJwoP5ucMob7RunBKJbmCQ0n6teODHGlRjw0lRzpgfrp5eJvXifV0YmfUZGkmgg8HRSlDOoY5rnAHpUEazYyBGFJza4QD5BEWJv0Sv8LoVmtuEeV6vVhuXY2i6MIdsAeOAAuOAY1cAHqoAEwuAMP4Ak8W/fWo/VivU5LC9asZxt8g/X2CZSsmjI=</latexit>

rµJ
µ⌫ = `L⌫

JA, A. Jain, Approximate higher-form symmetries,  PRD, 2023
<latexit sha1_base64="GRqk/wv05g33Auvib9oMQqKwv9c=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyxC3ZSZUtq6K7pxZwX7gM5QMmmmDc08SDJCGQr+ihsXirj1O9z5N2baImo9EDicc29ycryYM6ks69NYWV1b39jMbeW3d3b39s2Dw7aMEkFoi0Q8El0PS8pZSFuKKU67saA48DjteOOrzO/cUyFZFN6pSUzdAA9D5jOClZb65rETYDUimKc306ITY6EY5ud9s2CVLqq2VbeQJjW7VrGRXbJm+CYFWKDZNz+cQUSSgIaKcCxlz7Zi5abZdYTTad5JJI0xGeMh7Wka4oBKN53Fn6IzrQyQHwl9QoVm6s+NFAdSTgJPT2Zh5V8vE//zeony627KwjhRNCTzh/yEIxWhrAs0YIISxSeaYCKYzorICAtMlG4sr0tY+vIyaZdLdrVUvq0UGpeLOnJwAqdQBBtq0IBraEILCKTwCM/wYjwYT8ar8TYfXTEWO0fwC8b7F3ROldE=</latexit>

O(@)



JA, A. Jain, Approximate higher-form symmetries,  PRD, 2023

<latexit sha1_base64="2fvK9uoEkhLPTrnw1fBArwwsMAw="></latexit>

⇠µ⌫ = 2@[µ�⌫] + bµ⌫
<latexit sha1_base64="3GUanvWo1+QTeKY3uOJLPUloS9k="></latexit>

2@[µ�⌫] = 2@[µ�̄⌫] + `Vµ⌫ .
<latexit sha1_base64="BvcALNdc41ZD2DM9R3Sdo4Uncco="></latexit>

1

2
✏µ⌫⇢�@⌫⇠⇢� =

c�
6
✏µ⌫⇢�F⌫⇢� + `L̃µ

<latexit sha1_base64="NCVR2iI8RQg4nWzg3jrwi6gyi94="></latexit>

L̃µ =
1

2
✏µ⌫⇢�@⌫V⇢�

HOW TO INCLUDE VORTICES?



JA, A. Jain, Approximate higher-form symmetries,  PRD, 2023



(1) Higher-forms are useful 
(2) More numerical tests of BDNK 
(3) Numerical implementation with viscosity  
(4) Does it solve variability issues in EHT? 
(5) Understand in more detail the various phase transitions in higher-form fluids

OUTLOOK



THANKS

jacomearmas.org

http://jacomearmas.org

