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MHD works at various length scales.

MOTIVATIONS
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Black brane

. Dualities between gravity and fluids
Relevant for holography, string theory,  
Kachru-Pearson-Verlinde constructions, etc

Fluid (MHD)



MOTIVATIONS
>> How do we consistently formulate MHD? 

[dissipative effects, gradient expansion, no weird assumptions such 
as infinite conductivity, strength of magnetic fields, etc]

>> How do we characterise plasmas? 
[symmetries, how many transport coefficients, responses 
coefficients, etc]

>> How do we describe all equilibrium states in MHD? 
[effective action, partition functions, etc]

>> How do we deal with near-equilibrium dynamics? 
[causality and stability issues, MIS or BDNK completions, etc]



OTHER MOTIVATIONS
>> How do we deal with far-from equilibrium dynamics? 

[MIS or BDNK completions, initial conditions, nonlinear evolution, 
global hyperbolicity, breakdown of expansion, turbulence, etc]

>> What phases of hot electromagnetism can we describe? 
[non-conducting plasmas, additional currents, anomalies, etc]

>> What is the relation between MHD and FFE*? 
[symmetry enhancement, limits, etc ]

*Force Free Electrodynamics



(1) FOUNDATIONS [formulating MHD, characterising plasmas and 
equilibrium states] 

(2) NEAR-EQUILIBRIUM DYNAMICS [causality, stability, BDNK] 
(3) OUTLOOK

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⌫



RELATIVISTIC  HYDRODYNAMICS

<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⌫)



RELATIVISTIC  HYDRODYNAMICS

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



RELATIVISTIC  HYDRODYNAMICS

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:



RELATIVISTIC  HYDRODYNAMICS

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 )



RELATIVISTIC  HYDRODYNAMICS

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



RELATIVISTIC  HYDRODYNAMICS

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⌫



RELATIVISTIC  HYDRODYNAMICS

<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



RELATIVISTIC  HYDRODYNAMICS

<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



RELATIVISTIC  HYDRODYNAMICS

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



RELATIVISTIC  HYDRODYNAMICS

<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



RELATIVISTIC  HYDRODYNAMICS

There is a new 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



RELATIVISTIC  HYDRODYNAMICS

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



RELATIVISTIC  HYDRODYNAMICS

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



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:



• 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>
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>> Generalised global symmetries and dissipative MHD (2016)
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
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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 
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• 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⌫



• 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

�� = L��� ⇤�
<latexit sha1_base64="bFwYIR02g8HqB6jeYzOl+38zisA=">AAACFXicbVDLSsNAFJ34rPUVdekmWAQXWhIRdCMU3bjoooJ9QBPDzWTSDJ08mJkIJfQn3Pgrblwo4lZw5984abPQ1gMDh3PuvXPv8VJGhTTNb21hcWl5ZbWyVl3f2Nza1nd2OyLJOCZtnLCE9zwQhNGYtCWVjPRSTiDyGOl6w+vC7z4QLmgS38lRSpwIBjENKAapJFc/tn3CJNhpSC/tCGSIgeXNsWvjkBbiid1Uw3y4LwRXr5l1cwJjnlglqaESLVf/sv0EZxGJJWYgRN8yU+nkwCXFjIyrdiZICngIA9JXNIaICCefXDU2DpXiG0HC1YulMVF/d+QQCTGKPFVZLC5mvUL8z+tnMrhwchqnmSQxnn4UZMyQiVFEZPiUEyzZSBHAnKpdDRwCByxVkFUVgjV78jzpnNYts27dntUaV2UcFbSPDtARstA5aqAb1EJthNEjekav6E170l60d+1jWrqglT176A+0zx8Y5Z9h</latexit><latexit sha1_base64="bFwYIR02g8HqB6jeYzOl+38zisA=">AAACFXicbVDLSsNAFJ34rPUVdekmWAQXWhIRdCMU3bjoooJ9QBPDzWTSDJ08mJkIJfQn3Pgrblwo4lZw5984abPQ1gMDh3PuvXPv8VJGhTTNb21hcWl5ZbWyVl3f2Nza1nd2OyLJOCZtnLCE9zwQhNGYtCWVjPRSTiDyGOl6w+vC7z4QLmgS38lRSpwIBjENKAapJFc/tn3CJNhpSC/tCGSIgeXNsWvjkBbiid1Uw3y4LwRXr5l1cwJjnlglqaESLVf/sv0EZxGJJWYgRN8yU+nkwCXFjIyrdiZICngIA9JXNIaICCefXDU2DpXiG0HC1YulMVF/d+QQCTGKPFVZLC5mvUL8z+tnMrhwchqnmSQxnn4UZMyQiVFEZPiUEyzZSBHAnKpdDRwCByxVkFUVgjV78jzpnNYts27dntUaV2UcFbSPDtARstA5aqAb1EJthNEjekav6E170l60d+1jWrqglT176A+0zx8Y5Z9h</latexit><latexit sha1_base64="bFwYIR02g8HqB6jeYzOl+38zisA=">AAACFXicbVDLSsNAFJ34rPUVdekmWAQXWhIRdCMU3bjoooJ9QBPDzWTSDJ08mJkIJfQn3Pgrblwo4lZw5984abPQ1gMDh3PuvXPv8VJGhTTNb21hcWl5ZbWyVl3f2Nza1nd2OyLJOCZtnLCE9zwQhNGYtCWVjPRSTiDyGOl6w+vC7z4QLmgS38lRSpwIBjENKAapJFc/tn3CJNhpSC/tCGSIgeXNsWvjkBbiid1Uw3y4LwRXr5l1cwJjnlglqaESLVf/sv0EZxGJJWYgRN8yU+nkwCXFjIyrdiZICngIA9JXNIaICCefXDU2DpXiG0HC1YulMVF/d+QQCTGKPFVZLC5mvUL8z+tnMrhwchqnmSQxnn4UZMyQiVFEZPiUEyzZSBHAnKpdDRwCByxVkFUVgjV78jzpnNYts27dntUaV2UcFbSPDtARstA5aqAb1EJthNEjekav6E170l60d+1jWrqglT176A+0zx8Y5Z9h</latexit><latexit sha1_base64="bFwYIR02g8HqB6jeYzOl+38zisA=">AAACFXicbVDLSsNAFJ34rPUVdekmWAQXWhIRdCMU3bjoooJ9QBPDzWTSDJ08mJkIJfQn3Pgrblwo4lZw5984abPQ1gMDh3PuvXPv8VJGhTTNb21hcWl5ZbWyVl3f2Nza1nd2OyLJOCZtnLCE9zwQhNGYtCWVjPRSTiDyGOl6w+vC7z4QLmgS38lRSpwIBjENKAapJFc/tn3CJNhpSC/tCGSIgeXNsWvjkBbiid1Uw3y4LwRXr5l1cwJjnlglqaESLVf/sv0EZxGJJWYgRN8yU+nkwCXFjIyrdiZICngIA9JXNIaICCefXDU2DpXiG0HC1YulMVF/d+QQCTGKPFVZLC5mvUL8z+tnMrhwchqnmSQxnn4UZMyQiVFEZPiUEyzZSBHAnKpdDRwCByxVkFUVgjV78jzpnNYts27dntUaV2UcFbSPDtARstA5aqAb1EJthNEjekav6E170l60d+1jWrqglT176A+0zx8Y5Z9h</latexit>



Now one can define: 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>

(removal of          )⇣̄µ
<latexit sha1_base64="BDleUguTRjfqdqOn6dNb+mLO6O8=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjBfkATy2S7aZduNnF3Uqilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJsk043WWyES3QjBcCsXrKFDyVqo5xKHkzXBwM/WbQ66NSNQ9jlIexNBTIhIM0EqBH4L2nzjCgx9nnVLZrbgz0GXi5aRMctQ6pS+/m7As5gqZBGPanptiMAaNgkk+KfqZ4SmwAfR421IFMTfBeHb0hJ5apUujRNtSSGfq74kxxMaM4tB2xoB9s+hNxf+8dobRVTAWKs2QKzZfFGWSYkKnCdCu0JyhHFkCTAt7K2V90MDQ5lS0IXiLLy+TxnnFcyve3UW5ep3HUSDH5IScEY9ckiq5JTVSJ4w8kmfySt6cofPivDsf89YVJ585In/gfP4A+3WSOQ==</latexit><latexit sha1_base64="BDleUguTRjfqdqOn6dNb+mLO6O8=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjBfkATy2S7aZduNnF3Uqilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJsk043WWyES3QjBcCsXrKFDyVqo5xKHkzXBwM/WbQ66NSNQ9jlIexNBTIhIM0EqBH4L2nzjCgx9nnVLZrbgz0GXi5aRMctQ6pS+/m7As5gqZBGPanptiMAaNgkk+KfqZ4SmwAfR421IFMTfBeHb0hJ5apUujRNtSSGfq74kxxMaM4tB2xoB9s+hNxf+8dobRVTAWKs2QKzZfFGWSYkKnCdCu0JyhHFkCTAt7K2V90MDQ5lS0IXiLLy+TxnnFcyve3UW5ep3HUSDH5IScEY9ckiq5JTVSJ4w8kmfySt6cofPivDsf89YVJ585In/gfP4A+3WSOQ==</latexit><latexit sha1_base64="BDleUguTRjfqdqOn6dNb+mLO6O8=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjBfkATy2S7aZduNnF3Uqilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJsk043WWyES3QjBcCsXrKFDyVqo5xKHkzXBwM/WbQ66NSNQ9jlIexNBTIhIM0EqBH4L2nzjCgx9nnVLZrbgz0GXi5aRMctQ6pS+/m7As5gqZBGPanptiMAaNgkk+KfqZ4SmwAfR421IFMTfBeHb0hJ5apUujRNtSSGfq74kxxMaM4tB2xoB9s+hNxf+8dobRVTAWKs2QKzZfFGWSYkKnCdCu0JyhHFkCTAt7K2V90MDQ5lS0IXiLLy+TxnnFcyve3UW5ep3HUSDH5IScEY9ckiq5JTVSJ4w8kmfySt6cofPivDsf89YVJ585In/gfP4A+3WSOQ==</latexit><latexit sha1_base64="BDleUguTRjfqdqOn6dNb+mLO6O8=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjBfkATy2S7aZduNnF3Uqilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJsk043WWyES3QjBcCsXrKFDyVqo5xKHkzXBwM/WbQ66NSNQ9jlIexNBTIhIM0EqBH4L2nzjCgx9nnVLZrbgz0GXi5aRMctQ6pS+/m7As5gqZBGPanptiMAaNgkk+KfqZ4SmwAfR421IFMTfBeHb0hJ5apUujRNtSSGfq74kxxMaM4tB2xoB9s+hNxf+8dobRVTAWKs2QKzZfFGWSYkKnCdCu0JyhHFkCTAt7K2V90MDQ5lS0IXiLLy+TxnnFcyve3UW5ep3HUSDH5IScEY9ckiq5JTVSJ4w8kmfySt6cofPivDsf89YVJ585In/gfP4A+3WSOQ==</latexit>
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• 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)



M
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L

• 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>



• Higher-order partition function

• Non-hydrostatic corrrections



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



II - NEAR-EQUILIBRIUM  
DYNAMICS



<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:

Hiscock and Lindblom, 1985

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

1 > lim
k!1

|Re(
w(k)

k
)| > 0



BDNK PROPOSAL: PICK A SUITABLE HYDRODYNAMIC 
FRAME THAT SOLVES STABILITY AND CAUSALITY ISSUES

Kovtun, 2019; Bemfica, Disconzi, Noronha, 2019



MAGNETOHYDRODYNAMICS

<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)



MAGNETOHYDRODYNAMICS

<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



MAGNETOHYDRODYNAMICS

General parametrisation:

Fixing frame gives 7 transport coefficients

General frame gives 28 transport coefficients!

<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⌫



MAGNETOHYDRODYNAMICS

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!



MAGNETOHYDRODYNAMICS

Not fixing a frame gives



MAGNETOHYDRODYNAMICS

TAKE CONSTANT MAGNETIC FIELDS



MAGNETOHYDRODYNAMICS

GENERAL ANALYSIS

Two channels, 11 modes, 7 gapped

Many inequalities

J. Armas &  F. Camilloni

<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



MAGNETOHYDRODYNAMICS

SOLVING CONSTRAINTS: 
choose holographic equation of state and transport coefficients 

Grozdanov & Poovuttikul 2017.



MAGNETOHYDRODYNAMICS



(1) There is a choice of frame that leads to causality and stability 
(2) To understand how useful the model is requires simulations, but 

looks promising 
(3) Additional elements would be useful: baryon current, accreting 

matter, parity-violation 
(4) Can nonlinear stability and causality be proven? 
(5) Can this solve the issues of variability in simulations for EHT? 
(6) Dynamical gravity?

OUTLOOK
Pandya & Pretorius 2021, Pandya & Most & Pretorius, 2022

Conclusion


