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strongly magnetised fluid: PLASMA 
magnetohydrodynamics

microscopic UV physics 
(QFT, EFT, holography)



O U T L I N E

• higher-form symmetries 

• magnetohydrodynamics  

• holographic magnetohydrodynamics 

• new application: magnetic diffusion in neutron stars 

• summary and future directions
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S Y M M E T R I E S  I N  Q F T  A N D  E F T

QFT, EFT, holography

gauge symmetries
global symmetries

unitarity

locality

symmetries degrees of  
freedom

interactions

‘redundancies’

quantum gravity 
‘says’ they don’t exist



• p-form symmetries count higher-dimensional objects

• zero-form symmetry (one-form conserved current) 

• one-form symmetry (two-form conserved current) 
[Gaiotto, Kapustin, Seiberg, Willet (2014)]
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• EM without matter 

• EM coupled to matter (e.g., QED) 

• symmetry is tautological in vacuum
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• Goldstone boson of a broken symmetry is the photon 

• the phase we are most familiar with is the broken phase 

• order parameters of SSB

• continuous symmetries are Abelian, discrete symmetries can be non-Abelian 

• SSB and Goldstone bosons [see Hofman, Iqbal (2018); Lake (2018)]

zero-form symmetry : ✓ ! ✓ + c , SIR ⇠
Z

d✓ ^ ?d✓ =

Z
d4x @µ✓@

µ✓

one-form symmetry : A ! A+ ↵ , SIR ⇠
Z

dA ^ ?dA =

Z
d4xFµ⌫F

µ⌫A ! A+ d↵,

zero-form symmetry : unbroken: hO
†(x)O(y)i ⇠ exp {�m|x� y|}

broken : hO
†(x)O(y)i ⇠ hO

†(x)ihO(y)i

one-form symmetry : unbroken: hWCi ⇠ exp {�T Area[C]}

broken : hWCi ⇠ exp {�T Perimeter[C]}

• analogy with confinement 
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• many theories have higher-form symmetries:  
abelian Higgs model, centre symmetries, various condensed matter systems 

• another example: (visco)-elasticity  
[Grozdanov, Poovuttikul, PRD (2018); Armas, Jain, JHEP (2019)] 

• the language and formalism underpinning these symmetries has been quite  
thoroughly developed 

• new concepts associated with this endeavour:  
2-group, non-invertible symmetries that incorporate anomalies, etc. 
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MHD = Navier-Stokes + Maxwell (EM)
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Euler (or Navier-Stokes)

Maxwell
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⌘
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~E + ~v ⇥ ~B = 0 , (� ! 1) Ohm’s law (ideal)

• avoid mixing macroscopic 
and microscopic concepts 

• what are the symmetries? 

• general equation of state 

• correct number of transport 
coefficients? 

• quantum effects:  
pair-creation, Landau levels?

B/T 2 ⌧ 1, g ⌧ 1

M A G N E T O H Y D R O DY N A M I C S  

generalise



• low-energy limit of QFTs — a Schwinger-Keldysh effective field theory  
[SG, Polonyi (2013); Crossley, Glorioso, Liu (2015); Haehl, Loganayagam, Rangamani (2015); …] 

• conservation laws (equations of motion) of globally conserved operators 

• tensor structures (symmetries, gradient expansions) and transport coefficients (QFT)
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sound
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<latexit sha1_base64="2Py7x5HNUpjsn2AIIMKyvfhHai8=">AAACEnicjVDLSgMxFM3UV62vUZdugkVQxDIjgi6LblxW6As605JJ77ShycyYZIQ69Bvc+CtuXCji1pU7/8b0sVBR8EDI4Zx7ufeeIOFMacf5sHJz8wuLS/nlwsrq2vqGvblVV3EqKdRozGPZDIgCziKoaaY5NBMJRAQcGsHgYuw3bkAqFkdVPUzAF6QXsZBRoo3UsQ/StidS7CkmcHX6QTs7YtiLBfQI1vgQM3yNb0cdu+iWnAnw36SIZqh07HevG9NUQKQpJ0q1XCfRfkakZpTDqOClChJCB6QHLUMjIkD52eSkEd4zSheHsTQv0niifu3IiFBqKAJTKYjuq5/eWPzNa6U6PPMzFiWphohOB4UpxzrG43xwl0mgmg8NIVQysyumfSIJ1SbFwv9CqB+XXMOvTorl81kcebSDdtE+ctEpKqNLVEE1RNEdekBP6Nm6tx6tF+t1WpqzZj3b6Bust08vFpvg</latexit><latexit sha1_base64="2Py7x5HNUpjsn2AIIMKyvfhHai8=">AAACEnicjVDLSgMxFM3UV62vUZdugkVQxDIjgi6LblxW6As605JJ77ShycyYZIQ69Bvc+CtuXCji1pU7/8b0sVBR8EDI4Zx7ufeeIOFMacf5sHJz8wuLS/nlwsrq2vqGvblVV3EqKdRozGPZDIgCziKoaaY5NBMJRAQcGsHgYuw3bkAqFkdVPUzAF6QXsZBRoo3UsQ/StidS7CkmcHX6QTs7YtiLBfQI1vgQM3yNb0cdu+iWnAnw36SIZqh07HevG9NUQKQpJ0q1XCfRfkakZpTDqOClChJCB6QHLUMjIkD52eSkEd4zSheHsTQv0niifu3IiFBqKAJTKYjuq5/eWPzNa6U6PPMzFiWphohOB4UpxzrG43xwl0mgmg8NIVQysyumfSIJ1SbFwv9CqB+XXMOvTorl81kcebSDdtE+ctEpKqNLVEE1RNEdekBP6Nm6tx6tF+t1WpqzZj3b6Bust08vFpvg</latexit><latexit sha1_base64="2Py7x5HNUpjsn2AIIMKyvfhHai8=">AAACEnicjVDLSgMxFM3UV62vUZdugkVQxDIjgi6LblxW6As605JJ77ShycyYZIQ69Bvc+CtuXCji1pU7/8b0sVBR8EDI4Zx7ufeeIOFMacf5sHJz8wuLS/nlwsrq2vqGvblVV3EqKdRozGPZDIgCziKoaaY5NBMJRAQcGsHgYuw3bkAqFkdVPUzAF6QXsZBRoo3UsQ/StidS7CkmcHX6QTs7YtiLBfQI1vgQM3yNb0cdu+iWnAnw36SIZqh07HevG9NUQKQpJ0q1XCfRfkakZpTDqOClChJCB6QHLUMjIkD52eSkEd4zSheHsTQv0niifu3IiFBqKAJTKYjuq5/eWPzNa6U6PPMzFiWphohOB4UpxzrG43xwl0mgmg8NIVQysyumfSIJ1SbFwv9CqB+XXMOvTorl81kcebSDdtE+ctEpKqNLVEE1RNEdekBP6Nm6tx6tF+t1WpqzZj3b6Bust08vFpvg</latexit><latexit sha1_base64="2Py7x5HNUpjsn2AIIMKyvfhHai8=">AAACEnicjVDLSgMxFM3UV62vUZdugkVQxDIjgi6LblxW6As605JJ77ShycyYZIQ69Bvc+CtuXCji1pU7/8b0sVBR8EDI4Zx7ufeeIOFMacf5sHJz8wuLS/nlwsrq2vqGvblVV3EqKdRozGPZDIgCziKoaaY5NBMJRAQcGsHgYuw3bkAqFkdVPUzAF6QXsZBRoo3UsQ/StidS7CkmcHX6QTs7YtiLBfQI1vgQM3yNb0cdu+iWnAnw36SIZqh07HevG9NUQKQpJ0q1XCfRfkakZpTDqOClChJCB6QHLUMjIkD52eSkEd4zSheHsTQv0niifu3IiFBqKAJTKYjuq5/eWPzNa6U6PPMzFiWphohOB4UpxzrG43xwl0mgmg8NIVQysyumfSIJ1SbFwv9CqB+XXMOvTorl81kcebSDdtE+ctEpKqNLVEE1RNEdekBP6Nm6tx6tF+t1WpqzZj3b6Bust08vFpvg</latexit>
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n

<latexit sha1_base64="VkRdS8rX/4pBfnOEggkNhh8YBBY=">AAACE3icjVDLSgMxFM34rPVVdekmWITqosyIoJtC0Y3LCvYBnbbcSTNtaJKZJhmhDP0HN/6KGxeKuHXjzr8xfSxUFDxw4XDOuST3BDFn2rjuh7OwuLS8sppZy65vbG5t53Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1Mkd+5GgPSgMj3AJ+zoRnVSWvHHbZzI0I+wDj/vQkXjYtuG8V3SnwH+TPJqj0sm9+92IJIJKQzho3fTc2LRSUIYRTsdZP9E0BjKAHm1aKkFQ3UqnN43xoVW6OIyUHWnwVP26kYLQeiQCmxRg+vqnNxF/85qJCc9bKZNxYqgks4fChGMT4UlBuMsUJYaPLAGimP0rJn1QQIytMfu/EmonRc/y69N8+WJeRwbtowNUQB46Q2V0hSqoigi6Qw/oCT07986j8+K8zqILznxnD32D8/YJrqCdag==</latexit><latexit sha1_base64="VkRdS8rX/4pBfnOEggkNhh8YBBY=">AAACE3icjVDLSgMxFM34rPVVdekmWITqosyIoJtC0Y3LCvYBnbbcSTNtaJKZJhmhDP0HN/6KGxeKuHXjzr8xfSxUFDxw4XDOuST3BDFn2rjuh7OwuLS8sppZy65vbG5t53Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1Mkd+5GgPSgMj3AJ+zoRnVSWvHHbZzI0I+wDj/vQkXjYtuG8V3SnwH+TPJqj0sm9+92IJIJKQzho3fTc2LRSUIYRTsdZP9E0BjKAHm1aKkFQ3UqnN43xoVW6OIyUHWnwVP26kYLQeiQCmxRg+vqnNxF/85qJCc9bKZNxYqgks4fChGMT4UlBuMsUJYaPLAGimP0rJn1QQIytMfu/EmonRc/y69N8+WJeRwbtowNUQB46Q2V0hSqoigi6Qw/oCT07986j8+K8zqILznxnD32D8/YJrqCdag==</latexit><latexit sha1_base64="VkRdS8rX/4pBfnOEggkNhh8YBBY=">AAACE3icjVDLSgMxFM34rPVVdekmWITqosyIoJtC0Y3LCvYBnbbcSTNtaJKZJhmhDP0HN/6KGxeKuHXjzr8xfSxUFDxw4XDOuST3BDFn2rjuh7OwuLS8sppZy65vbG5t53Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1Mkd+5GgPSgMj3AJ+zoRnVSWvHHbZzI0I+wDj/vQkXjYtuG8V3SnwH+TPJqj0sm9+92IJIJKQzho3fTc2LRSUIYRTsdZP9E0BjKAHm1aKkFQ3UqnN43xoVW6OIyUHWnwVP26kYLQeiQCmxRg+vqnNxF/85qJCc9bKZNxYqgks4fChGMT4UlBuMsUJYaPLAGimP0rJn1QQIytMfu/EmonRc/y69N8+WJeRwbtowNUQB46Q2V0hSqoigi6Qw/oCT07986j8+K8zqILznxnD32D8/YJrqCdag==</latexit><latexit sha1_base64="VkRdS8rX/4pBfnOEggkNhh8YBBY=">AAACE3icjVDLSgMxFM34rPVVdekmWITqosyIoJtC0Y3LCvYBnbbcSTNtaJKZJhmhDP0HN/6KGxeKuHXjzr8xfSxUFDxw4XDOuST3BDFn2rjuh7OwuLS8sppZy65vbG5t53Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTuvB4HLi12+p0iySN2YU05aAnmQhI2Cs1Mkd+5GgPSgMj3AJ+zoRnVSWvHHbZzI0I+wDj/vQkXjYtuG8V3SnwH+TPJqj0sm9+92IJIJKQzho3fTc2LRSUIYRTsdZP9E0BjKAHm1aKkFQ3UqnN43xoVW6OIyUHWnwVP26kYLQeiQCmxRg+vqnNxF/85qJCc9bKZNxYqgks4fChGMT4UlBuMsUJYaPLAGimP0rJn1QQIytMfu/EmonRc/y69N8+WJeRwbtowNUQB46Q2V0hSqoigi6Qw/oCT07986j8+K8zqILznxnD32D8/YJrqCdag==</latexit>

• dispersion relations:

• first-order truncation = Navier-Stokes equations



• plasma is a phase with an unbroken one-form symmetry  
and no IR massless photons (Debye screening)                    

•                           — Ward identity becomes powerful  

• magnetohydrodynamics (MHD) is the IR EFT 

• IR dynamics encoded in conservation laws 
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@µT
µ⌫ = 0

@µJ
µ⌫ = 0
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<latexit sha1_base64="lBINK++XEyt1BTJRY3lrI8hh0xY=">AAACBHicjVC7SgNBFJ2Nrxhfq5ZpBoNgFTYS1EYI2ohVBPOA7LrMTmaTITOzyzyEsKSw8VdsLBSx9SPs/BtnkxQqCh643MM593JnTpQyqrTnfTiFhcWl5ZXiamltfWNzy93eaavESExaOGGJ7EZIEUYFaWmqGemmkiAeMdKJRue537klUtFEXOtxSgKOBoLGFCNtpdAt+ymSmiIW+tzAy5vMNl+YCTyFXuhWalVvCvg3qYA5mqH77vcTbDgRGjOkVK/mpTrI8gOYkUnJN4qkCI/QgPQsFYgTFWTTT0zgvlX6ME6kLaHhVP26kSGu1JhHdpIjPVQ/vVz8zesZHZ8EGRWp0UTg2aHYMKgTmCcC+1QSrNnYEoQltW+FeIgkwtrmVvpfCO3Dau2oWr+qVxpn8ziKoAz2wAGogWPQABegCVoAgzvwAJ7As3PvPDovzutstODMd3bBNzhvn9u7l5U=</latexit>

@µJ
µ⌫ = 0

counting # of magnetic flux 
lines crossing a 2d surface

• general formulation for any plasma (EoM level) [Grozdanov, Hofman, Iqbal, PRD (2017)] 

• any equation of state 

• transport coefficients (2+3 viscosities and 2 resistivities) 

• electric field E is induced at derivative level

⌘? � 0 ⌘k � 0

r? � 0 rk � 0

⇣? � 0 ⇣?⇣k � ⇣2⇥

<latexit sha1_base64="vX/A4msQx35NJX2sOq8ofNi5oXc=">AAAB7XicjVDLSgNBEOyNrxhfqx69DAYhgoRdCeoxxIvHCHlBsoTZyWwyZnZmmZkVwpJ/8OJBEa/+jzf/xsnjoKJgQUNR1U13V5hwpo3nfTi5ldW19Y38ZmFre2d3z90/aGmZKkKbRHKpOiHWlDNBm4YZTjuJojgOOW2H4+uZ376nSjMpGmaS0CDGQ8EiRrCxUqteqp01Tvtu0S97c6C/SRGWqPfd995AkjSmwhCOte76XmKCDCvDCKfTQi/VNMFkjIe0a6nAMdVBNr92ik6sMkCRVLaEQXP160SGY60ncWg7Y2xG+qc3E3/zuqmJroKMiSQ1VJDFoijlyEg0ex0NmKLE8IklmChmb0VkhBUmxgZU+F8IrfOyf1Gu3FaK1doyjjwcwTGUwIdLqMIN1KEJBO7gAZ7g2ZHOo/PivC5ac85y5hC+wXn7BA4PjiU=</latexit>

P (B, T ) functions of B and T

<latexit sha1_base64="GepnzQQhOprmisGKTeirtyS2e1Q=">AAACLHicjVDLSgMxFM3UV62vUZdugkVwVTqlqBuhWBBxVcE+oFNLJs20oXkMSUYow3yQG39FEBcWcet3mD6EKgoeuHByzr3c3BNEjGpTLI6dzNLyyupadj23sbm1vePu7jW0jBUmdSyZVK0AacKoIHVDDSOtSBHEA0aawbA68Zv3RGkqxa0ZRaTDUV/QkGJkrNR1q9d3ic9jX8QpPId+qBBOvDQppdAnkaZMii/fVwPpa9rnKIWX3WTh2XXzXqE4Bfyb5MEcta777PckjjkRBjOkddsrRqaTIGUoZiTN+bEmEcJD1CdtSwXiRHeS6bEpPLJKD4ZS2RIGTtXFiQRxrUc8sJ0cmYH+6U3E37x2bMKzTkJFFBsi8GxRGDNoJJwkB3tUEWzYyBKEFbV/hXiAbGDG5pv7XwiNUsE7KZRvyvnKxTyOLDgAh+AYeOAUVMAVqIE6wOABPIFXMHYenRfnzXmftWac+cw++Abn4xMUSqlk</latexit>

Jµ⌫ =
1

2
✏µ⌫⇢�F⇢�
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• symmetry-enhanced (non-dissipative) T = 0 limit due to SO(1,1) boost symmetry along 
the strings (flux lines) 

• example: Alfvén waves

• strong-B dispersion relations

• Kubo formulae for resistivities  
(also wip with Frangi)

<latexit sha1_base64="uLLxu+96hJKIYExbWIRUduaYQmM="></latexit>

rk = lim
!!0

lim
kz!0

hJxy(�!,�kz)Jxy(!, kz)iR
�i!

r? = lim
!!0

lim
kz!0

hJxz(�!,�kz)Jxz(!, kz)iR
�i!

! = ±k cos ✓

<latexit sha1_base64="bLSHK6c8fI7IyBPrImKvhMI/TJI=">AAAB+3icjVDLSsNAFL2pr1pfsS7dDBahgtREiroRi25cVrAPaEKZTCft0JkkzEzEEvorblwo4tYfceffOH0sVBQ8cOFwzr3cwwkSzpR2nA8rt7C4tLySXy2srW9sbtnbxaaKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2guHVxG/dUalYHN3qUUJ9gfsRCxnB2khduyjROXKPPMX6AiPvsHxx0LVLbsWZAv1NSjBHvWu/e72YpIJGmnCsVMd1Eu1nWGpGOB0XvFTRBJMh7tOOoREWVPnZNPsY7Rulh8JYmok0mqpfLzIslBqJwGwKrAfqpzcRf/M6qQ7P/IxFSappRGaPwpQjHaNJEajHJCWajwzBRDKTFZEBlphoU1fhfyU0jyvuSaV6Uy3VLud15GEX9qAMLpxCDa6hDg0gcA8P8ATP1th6tF6s19lqzprf7MA3WG+f0a2SXw==</latexit>

r = 1/� (?)

speeds of waves
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first-order expansion in  
standard, textbook ideal MHD 

with new dissipative terms

zero-temperature limit: T = 0
P (B, T ) =

a

4
T 4 +

g2

2
B2 +

�

4

B4

T 4
+ · · ·

<latexit sha1_base64="+Jy+2RXjT0dR3gRGcg7l1dEtGcc="></latexit><latexit sha1_base64="+Jy+2RXjT0dR3gRGcg7l1dEtGcc="></latexit><latexit sha1_base64="+Jy+2RXjT0dR3gRGcg7l1dEtGcc="></latexit><latexit sha1_base64="+Jy+2RXjT0dR3gRGcg7l1dEtGcc="></latexit>

B/T 2 ⌧ 1
<latexit sha1_base64="GTD1zqrYG8Y5yiG2Wjr7Pu7ZoxM=">AAAB8nicjVDLSgNBEOz1GeMr6tHLYBA8xd0g6DHEi8cIecFmDbOT2WTI7Owy0yuEJZ/hxYMiXv0ab/6Nk8dBRcGChqKqm+6uMJXCoOt+OCura+sbm4Wt4vbO7t5+6eCwbZJMM95iiUx0N6SGS6F4CwVK3k01p3EoeSccX8/8zj3XRiSqiZOUBzEdKhEJRtFKfv28eVclPSmJ1y+VvYo7B/mblGGJRr/03hskLIu5QiapMb7nphjkVKNgkk+LvczwlLIxHXLfUkVjboJ8fvKUnFplQKJE21JI5urXiZzGxkzi0HbGFEfmpzcTf/P8DKOrIBcqzZArtlgUZZJgQmb/k4HQnKGcWEKZFvZWwkZUU4Y2peL/QmhXK57ltxflWn0ZRwGO4QTOwINLqMENNKAFDBJ4gCd4dtB5dF6c10XrirOcOYJvcN4+ATgpj+U=</latexit><latexit sha1_base64="GTD1zqrYG8Y5yiG2Wjr7Pu7ZoxM=">AAAB8nicjVDLSgNBEOz1GeMr6tHLYBA8xd0g6DHEi8cIecFmDbOT2WTI7Owy0yuEJZ/hxYMiXv0ab/6Nk8dBRcGChqKqm+6uMJXCoOt+OCura+sbm4Wt4vbO7t5+6eCwbZJMM95iiUx0N6SGS6F4CwVK3k01p3EoeSccX8/8zj3XRiSqiZOUBzEdKhEJRtFKfv28eVclPSmJ1y+VvYo7B/mblGGJRr/03hskLIu5QiapMb7nphjkVKNgkk+LvczwlLIxHXLfUkVjboJ8fvKUnFplQKJE21JI5urXiZzGxkzi0HbGFEfmpzcTf/P8DKOrIBcqzZArtlgUZZJgQmb/k4HQnKGcWEKZFvZWwkZUU4Y2peL/QmhXK57ltxflWn0ZRwGO4QTOwINLqMENNKAFDBJ4gCd4dtB5dF6c10XrirOcOYJvcN4+ATgpj+U=</latexit><latexit sha1_base64="GTD1zqrYG8Y5yiG2Wjr7Pu7ZoxM=">AAAB8nicjVDLSgNBEOz1GeMr6tHLYBA8xd0g6DHEi8cIecFmDbOT2WTI7Owy0yuEJZ/hxYMiXv0ab/6Nk8dBRcGChqKqm+6uMJXCoOt+OCura+sbm4Wt4vbO7t5+6eCwbZJMM95iiUx0N6SGS6F4CwVK3k01p3EoeSccX8/8zj3XRiSqiZOUBzEdKhEJRtFKfv28eVclPSmJ1y+VvYo7B/mblGGJRr/03hskLIu5QiapMb7nphjkVKNgkk+LvczwlLIxHXLfUkVjboJ8fvKUnFplQKJE21JI5urXiZzGxkzi0HbGFEfmpzcTf/P8DKOrIBcqzZArtlgUZZJgQmb/k4HQnKGcWEKZFvZWwkZUU4Y2peL/QmhXK57ltxflWn0ZRwGO4QTOwINLqMENNKAFDBJ4gCd4dtB5dF6c10XrirOcOYJvcN4+ATgpj+U=</latexit><latexit sha1_base64="GTD1zqrYG8Y5yiG2Wjr7Pu7ZoxM=">AAAB8nicjVDLSgNBEOz1GeMr6tHLYBA8xd0g6DHEi8cIecFmDbOT2WTI7Owy0yuEJZ/hxYMiXv0ab/6Nk8dBRcGChqKqm+6uMJXCoOt+OCura+sbm4Wt4vbO7t5+6eCwbZJMM95iiUx0N6SGS6F4CwVK3k01p3EoeSccX8/8zj3XRiSqiZOUBzEdKhEJRtFKfv28eVclPSmJ1y+VvYo7B/mblGGJRr/03hskLIu5QiapMb7nphjkVKNgkk+LvczwlLIxHXLfUkVjboJ8fvKUnFplQKJE21JI5urXiZzGxkzi0HbGFEfmpzcTf/P8DKOrIBcqzZArtlgUZZJgQmb/k4HQnKGcWEKZFvZWwkZUU4Y2peL/QmhXK57ltxflWn0ZRwGO4QTOwINLqMENNKAFDBJ4gCd4dtB5dF6c10XrirOcOYJvcN4+ATgpj+U=</latexit>

each fermion mode lives on a 1D string
• massless lowest Landau level fermion in a 

strong, dynamical magnetic field  
+ 2d bosonisation  

• force-free electrodynamics  
and corrections [Glorioso, Son (2018)] 
Maxwell’s equations  
+ constraint

H I G H E R - F O R M  S Y M M E T R I E S  A N D  M H D

• old theories are special limits of new generalised MHD 

• can be easily systematically extended using our formalism
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~B · ( ~B ·r)~v
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!
� ⇣k

 
~B · ( ~B ·r)~v
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@iB
i = 0

@tB
i = �"ijk@jEk, Ei = �(~v ⇥ ~B)i + jidiss

@t"+ @i("v
i) = 0

"(@t + ~v ·r)vi = �@ip+ ( ~B ·r)Bi + @i⇧
ij
visc

p(T,B) = the equation of state

extremely complicated equations 
are systematically generated from 
the simpler higher-form language
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• holographic dual of a magnetised plasma  
[Grozdanov, Poovuttikul, JHEP (2017); Hofman, Iqbal, SciPost (2017)] 

• generating functional  

• theory of gravity and two-form gauge field (               ) in 5d 

• holographic model with dynamical electromagnetism (gauged U(1) R-symmetry)
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W [gµ⌫ , bµ⌫ ] =

⌧
exp
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Z
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Tµ⌫gµ⌫ + Jµ⌫bµ⌫

◆��
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B

<latexit sha1_base64="Wbb3l916uKDqt0oD7NXxzb792l0="></latexit>
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+ mixed boundary conditions
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H = db

• holographic duality: 

some QFTs in 4d = gravity (string theory) in 5d
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H O L O G R A P H I C  M H D  E Q U AT I O N  O F  S TAT E
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• maximal resistivity 

• bulk viscosities

⇣?⇣k = ⇣2⇥
• all transport coefficients must vanish at T = 0  

[Grozdanov, Hofman, Iqbal, PRD (2017)] 
• holography agrees  

[Grozdanov, Poovuttikul, JHEP (2017)]

H O L O G R A P H I C  M H D  T R A N S P O R T  C O E F F I C I E N T S

reminiscent of Kovtun-Son-Starinets and 
Haack-Yarom — minimisation of entropy 
[see Grozdanov, Starinets, JHEP (2014)]



• quasihydrodynamics 
[Grozdanov, Lucas, Poovuttikul,  
PRD (2018)] 

• screened photons 

• dynamical electric fields  

• Ampere’s law 

• Müller-Israel-Stewart theory  
structure 

• systematic construction of EFTs beyond the MHD limit 

• study of plasma instabilities
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B E Y O N D  M H D
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@tE�#r⇥B = �1

⌧
(E+ v ⇥B) +O(@2)

<latexit sha1_base64="XKKQiMHeHLDOn+26AE/NOIqOxjA="></latexit>

Jµ⌫ = 2⇢u[µh⌫] + J µ⌫ , u�r�J µ⌫ + . . . = �1

⌧
J µ⌫



N E W  A P P L I C AT I O N :   
M A G N E T I C  D I F F U S I O N  I N  N E U T R O N  S TA R S  
 
[ G R O Z D A N O V,  L E U T H E U S S E R ,  L I U ,  V A R D H A N ,  2 0 2 2  A N D  2 0 2 3 ]
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dynamics of strong magnetic fields in 
neutron stars

old: microscopic model of 
Goldreich and Reisenegger (1992) new approach: higher-form 

symmetries and EFT



M A G N E T I C  D I F F U S I O N  I N  N E U T R O N  S TA R S

• theory of magnetic field evolution [Goldreich and Reisenegger (1992)] 

• neutron star is a fluid made of neutrons, electrons and protons

23

e−

n
p

weak interactions influence continuity equations



M A G N E T I C  D I F F U S I O N  I N  N E U T R O N  S TA R S

• theory of magnetic field evolution [Goldreich and Reisenegger (1992)] 

• neutron star is a fluid made of neutrons, electrons and protons 

• phenomenological considerations give MHD evolution equations for magnetic diffusion 

• coefficients are determined in terms of microscopic quantities

24

E = ⌘ j+ ca (j⇥B)⇥B+ cH j⇥B

<latexit sha1_base64="eOET5L5e3BX2bIAaDviGk+DZuTs="></latexit>

j ⌘ r⇥B, ⌘, ca, cH = const.

<latexit sha1_base64="SOYAxr4kiwaZPjPdOFDw7meG9wc="></latexit>

standard diffusion
ambipolar diffusion

Hall drift

@tB = ⌘r2B
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r ·B = 0, @tB = �r⇥E
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M A G N E T I C  D I F F U S I O N  I N  N E U T R O N  S TA R S

• EFT (CTP formalism) for the one-form symmetry with broken C-invariance 
[Grozdanov, Leutheusser, Liu, Vardhan, 2207.01636 & to appear]
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r ·B = 0, @tB = �r⇥E
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• new magnetic diffusion equation

J
0i = aG0i � �0(c �ij + c̃ G0iG0j)@0G0j + h✏ijnG0n@0G0j +m�ij✏klnG0nHjkl

J
ij = �2�0(d �ik�jl + d̃ ✏ijm✏klnG0mG0n)@0Gkl �m✏lij@lG

2
0k + 2p�k[i✏j]lnG0n@0Gkl

<latexit sha1_base64="a/chto5WvOrRnKLKIz3mXv+xFoQ="></latexit>

all functions 
of B

• one can compute all correlation functions of B and E from auxiliary higher-form variables 
— a much more ‘natural’ description

<latexit sha1_base64="tSUtfwaN/Cuj/o1ClaRVjEoatp0="></latexit>

E = ⌘ j+ ca (j⇥B)⇥B+ cH j⇥B

� cH(r ln a(B2)⇥B)⇥B� c⌘r ln a(B2)⇥B+rf
<latexit sha1_base64="PnYc8AK0k+MeaBIHwW8XZ1vhEDA="></latexit>

⌘ = c⌘ + caB
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2�0d

a
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4�0d̃

a3
, cH = � p
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• magnetic field dependence of susceptibilities

�k = a+ ãB2
0 , �? = a, ã = 2a0(B2

0)

<latexit sha1_base64="x0Ek+ABU8kNnAkutXehVx6YccrA="></latexit>

• Kubo formulae:

�k = lim
k!0

lim
!!0

GR(Bz, Bz), �? = lim
k!0

lim
!!0

GR(Bx, Bx)
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• ‘corrected’ diffusive dispersion relation
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M A G N E T I C  D I F F U S I O N  I N  N E U T R O N  S TA R S
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holography
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• formal approach to QFTs enables new physical insights 

• plasma can be understood as a string fluid 

• higher-form symmetries and new developments in EFTs allow for a new,  
general formulation of magnetohydrodynamics applicable to strong B fields 

• new predictions, including a new theory of magnetic diffusion in neutron stars 

• next step: non-linear evolution of the (diffusion) equation (best variables?) 

• include other effects: superfluidity, …  

• how large are new effects in realistic neutron stars 
or other realistic plasmas?

S U M M A R Y  A N D  F U T U R E  D I R E C T I O N S



T H A N K  Y O U !


