A STABLE AND CAUSAL MODEL OF
MAGNETOHYDRODYNAMICS

Based on: Jay Armas
arXiv: 1808.01939 (PRL) & 1811.04913 (JHEP) by JA &A. Jain University of Amsterdam

arXiv: 2201.06847 by JA & F. Camilloni ,
Dutch Institute for Emergent Phenomena



MOTIVATTONS

MHD works at various length scales.



MOTIVATTONS




Relevant for holography, string theory,
Kachru-Pearson-Verlinde constructions, etc

Fluid (MHD)

I
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OTHER MOTIVATTONS
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RELATIVISTIC HYDRODYNAMICS

[deal stress tensor:

T = e(T)u"u” + P(T)(g"" 4+ u"u”)



RELATIVISTIC HYDRODYNAMICS

[deal stress tensor:
TH = e(T)u"u” + P(T)(g"" + uMu”)

tntropy current:

St=sut , e+ P="1Ts




RELATIVISTIC HYDRODYNAMICS

What are the equilibrium solutions?

The fluid fields are determined:




RELATIVISTIC HYDRODYNAMICS

Free energy functional (purely geometric)

Variation gives

|

0F g, = 5 /d4x\/—gT“”5gW



RELATIVISTIC HYDRODYNAMICS

Out of equilibrium:

TH = e(T)u"u” + P(T)(¢"" + u*u") + T() + O (0%)




RELATIVISTIC HYDRODYNAMICS

Landau frame:

T(l)u,,:O

+second law fixes the form to be:

PH = ytu? + g*v



RELATIVISTIC HYDRODYNAMICS
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RELATIVISTIC HYDRODYNAMICS

Charged fluids:

Global U(T) symmetry



RELATIVISTIC HYDRODYNAMICS
deal stress tensor:

TH = €e(T, p)uru” + P(T, n)(g"” + ufu”)
deal current:

JH = Q(Tv :u>u'u

Stress tensor correction

THY = —(V\u*P* — not”

(1)
Current correction
me L v M v
Jiy = —oP", (8 T E ) o= e




RELATIVISTIC HYDRODYNAMICS

Superfluids:

Spontaneously broken U(1) symmetry



RELATIVISTIC HYDRODYNAMICS

There is a new field:

En = u¢+Au o

Stress tensor:
TH = eutu” + PPPY + fele”
Current;

JH = qu” — f&"



RELATIVISTIC HYDRODYNAMICS

Thermodynamic quantities are now functions of

P(T, i, x)

with x = —&"¢,



RELATIVISTIC HYDRODYNAMICS

The free energy functional is:

Fquilibrium states are degenerate

5¢F — VM (f&”“) =2



WHAT 15> MHD?



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




MRD EQUATIONS:

JV =V, F" 4 It

atter




+ Minimal coupling between fluid and fields

1
TH = FFpF™ — 2 Fpo FP7 g + (T, p)utu” + p(T, p) (9" + uHu”)

JH =V, FF +q(T,p)u” — o(T, u)P* (TC%% — Eu) ;

Decomposing Maxwell's equations




-+ Electric fields are Debye screened and the plasma is
electrically neutra
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ELECTROMAGNETISM

+ Maxwell's equations

“Dual Maywell equations”

Hence a 2-form dipole magnetic charge:

Mo

Global U(T) 1-1

Orm

magnetic symr

netry



MHRD DUAL

+ MHD Equations of motion

Given that Maxwell equations car

one can formulate the theory sim

Y as:




+ Breaking the one-form symmetry

1-form Goldstone 0-form Goldstone
59590# — £X<70M — Az (5¢ — £X¢ — AX
2-form superfluid velocity 1-form superfluid velocity
g,ul/ — 28[/1901/] + b/,w §’u/ — 8'u¢ _l_ A,LL

1-form Josephson condition 0-form Josephson condition

Uﬁ — uygz/u

p = utg,




Sy = QU[MCV] — Euupaupc—a

_ 1

C/L — f/wuu ; CM — §€Mypauufpa

Now one can define: P = P(T,¢?,¢.¢,¢7)

(removal of ¢* )

= ID(T, C?)




MHRD DUAL

+ (an define partition function:
F[g,uwb,uuﬁp,u] — —/d4$\/ng(T, Cz)

which gives the stress tensor and current:

T = (e + p) v"u” + pg"” — wp h*h” + O(0)

J¥ = 2pultnY + 0(8)

and thermodynamic relations upon identification:

dp=sdT'+pdw , e+p=sT+pw




MHRD DUAL

+ Variation with respect to




+ Higher-order partition function

87
Vpo Vpo

6

~ ~ o ~
— f1h*0,T — 52h“8u? — B3e"P°u,h, Ophs

+ Non-hydrostatic corrrections

TH — §e uPu? + §FAP + 61 hHhY + 20HhY) + 2k(ky?) 4 v

nhs

JH = 26p ulPhY + 2mlF RV 4 2nlkut] 4 s et

nhs




- Total transport coefficients:

>> 5 hydrostatic coefficients
>> 19 non-hydrostatic coefficients
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[ - NEAR-EQUILIBRIUM
DYNAMICS



vV, TH =0



Initial equilibrium state:

1
T S TO U’IEL()) — \/1 — 1}2 (170707U0)

0

Perturbations around equilibrium:




Modes:

* Unstable mode

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



Causality is also violated:

k
1> lim [Re(ZM)

Hiscock and Lindblom, 1985



BDNK PROPOSAL: PICKA'S

-RAME THAT SOLVES STABIL

\_J

ITABLE HYDRODYNAMIC
TY AND CAUSALITY ISSUES

Kovtun, 2019; Bemfica, Disconzi, Noronha, 2019




MAGNETORYDRODYNAMICS

Fquilibrium (ideal order) stress tensor and current: (7', 1)

" = (e + p)utu” + pg"” — pph*h”

JHY qu[u 84



MAGNETORYDRODYNAMICS

Out of equilibrium:
T = (e + p)ulu” + pg"” — pphth” +T(;
JH = 2pultpY! +J0;

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




MAGNETORYDRODYNAMICS

General parametrisation:

TH) = deul'u” + 5 fAM + 6ThhY + 20 h ) 4 200 pv) 4 ok (V) 4 i

J(“i'; = 26 oul*h¥) + 2omlF V) 4 onlryV! 4 gV

Fixing frame gives / transport coefficients

General frame gives 28 transport coefficients!

vV



MAGNETORYDRODYNAMICS

Why you don't want to fix the frame:

RVE Tl TS

w =1 9 |
U T

* Instability!



MAGNETORYDRODYNAMICS

Not fixing a frame gives

o = —e1 A"V u, — e9h*h"V yu, — e3u'V T — e4ut'V,, (1/T)
6f = —fLA*'V u, — foh*h'V, u, — f3uhV,T — faub'V, (u/T)
o = -1 A"V, u, — bW’V u, — mutV, T — yubV, (u/T)
ox = —Tx1u*h"dpgu — x2Vu(Tph*) |

0 = — T AP B §3a,e — TlAP U S5byy |

kF = —Tki AP b 6gb,\ — Thka AP u S5 g,

—01A"V uy — 02V yuy, — 03UV, T — 04utV, (10/T)
mt = —Tm AP R \Sgb,, — Tma AP ur5pg,y
nt = -Tn, A" h"dpg,e — TnoA*°u"dpb,,

1
tY = —Tn, (A“”A"" — 5A“”A”") 5B9po

st = —TT“A“pAVG(SBbpa )



MAGNETORYDRODYNAMICS

TAKE CONSTANT MAGNETIC FIELDS



MAGNETORYDRODYNAMICS

GENERAL ANALYSIS

Two channels, 11 modes, 7 gapped

» Many inequalities

ng <0 , ka<0 , (x1+x20T) <0, g>0, (c403—€304) <0

g=TXNT?03 +¢es —2p04) — T?x(e3 — pos) + px(e4 — pos) — T 04

J. Armas & F. Camilloni



MAGNETORYDRODYNAMICS

SOLVING CONSTRAINTS:
choose hotographlc equatmn of state ano transport coetﬂuents

{ - weak field (T/vVB > 1 strong field (T/VB < 1

Ne (74.1 x TY) Ne (5.62 x B2) |
p 2(253><T4 N (5.32 x B2) ,

s | 5 (99.4 x T?) < (741 x BT)

u | 2% (10.9 x B) 292 (2.88 x B) f

u . T . l_‘:
| B (3.37 x 1) VE (62.3 x T

Gronv P‘ovutil 20t7.



MAGNETORYDRODYNAMICS




Conclusion

OUTLOOK

There is a choice of frame that leads to causality and stability

(2) To understand how usetul the model is requires simulations, but

|OOkS promiSiﬂg Pandya &Pretorius 2021, Pandya & Most & Pretorius, 2022
(3) Additional elements would be useful: baryon current, accreting
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Jes of variability in simulations for EHT?



