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DRIVEN OPEN SYSTEMS WITH HIGRER-FORM SYMMETRY
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EXACT SYMMETRY APPROXIMATE SYMMETRY

O Jt 4+ 0;J" =0 O, Jt + 0;J" = —¢L

(conventional symmetry)

(higher-form symmetry)



APPROXIMATE SYMMETRY

(higher-form symmetry)

(topological symmetry)

9,L* =0
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MOTIVATIONS

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

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

>> (an stability be dealt in the same way? [MIS, BONK or density frame completions, etc]

>>\\hat phases and phase transitions are possible? [topological defects, impurities, etc]
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[deal stress tensor:

T = e(T)u"u” + P(T)(g"" + u"u”)



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

cntropy current:

SH=su" , e+ P =T1Ts



What are the equilibrium solutions?

The tluid Tields are determined:




Free energy functional (purely geometric)

Variation gives




Out of equilibrium;

" = e(T)u"u” + P(T)(g"" + utu”) + T + O (07)

Temperature and velocity can be redefined:




Landau frame:

T(l)uV:O

+second law Tixes the form to be:
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Charged fluids:

Global U(T) symmetry



[deal stress tensor:
" = €(T, p)utu” + P(T, p)(g"" + u'u”)
[deal current:

JH = Q(Ta ’u)ulﬁ

Stress tensor correction

uv A
Current correction

©noo_ v v %
J(1)— JPV(ﬁ = E)

|5« =190,




Superfluids:

Spontaneously broken U(1) symmetry



There is a new dynamical field:

= 8u¢ T Au
ut&, = p
Stress tensor:

T = eutu” + PP"" + fele”
current:

JH = qu” — f&"



Thermodynamic quantities are now functions of

with X = _gugu



The free energy functional is;

Equilibrium states are degenerate

5¢F = VM (ff“) =



WHAT 5> MRD?



THE GAUGE FIELD 1S NO LONGER A
BACKGROUND FIELD BUT A DYNAMICAL FIELD
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MHD EQUATIONS:

V,TH = FH ],

JH+ J . =0

J" =V, "+ J;

matter

Decompose the field strength as:

arXiv:1703.08757, Relativistic MHD by J. Hernandez & P. Kovtun
arXiv:1811.04913, One-form supertluids and MHD by JA & A. Jain



» Minimal coupling between fluid and fields

1
TH = FF,FYP — —Fpo FP7 g + €(T, p)utu” + p(T, p) (" + uHu”)

4

J =V, F" +q(T, pn)ut — o(T, u)PH (T@V% — E,,) ,

Decomposing Maxwell's equations




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




+ (eneral equation of state and stress

P = P(T,p, B?)

dP:sdT—l—qd,u,—%B'dB2 , e+ P =sT+qu

B o b

Minimal coupling: Second law;




+ Equilibrium partition function

Currents:




Higher-orders (hydrostatic)

S :/ P(T, u, B?) + A, J"
B3

— + M2e"""°u, B,0,Bs

B*0,T — Mse"""’u,B,0pus + TM5B“8 b

arXiv:1703.08757, Relativistic MHD by J. Hernandez & P. Kovtun
arXiv:1811.04913, One-form supertluids and MHD by JA &A. Jain




Higher-orders (non-hydrostatic)

The = 6FBM + 6T BB + 2LWBY) + TH

I

Jh = 0SB + M* |

I
0F Gi1 G2 X1 %ABW:&BQW
0T | =T C{Q G2 X2 %BfLBV(SBg;M/ ;
0S )2,1 )2’2 a| B“(S@A#

]BNUBV(SB go'y

_ (M ox M1 Ox BH0p Ao
oy o1 6% G.) | € uyBgB"dpg5, |

\ e“aﬁauaBﬁJBAa
TH = —7722TIB3P<“’IB”>G5BQ;)0 + ﬁ22T6paﬁ<uuaéﬁBu>a5ﬁgﬂa '

1
kT

0BG = 2V, ( V)) , 0gA, =0 s

T Eu




- Total transport coefficients;

>> 5 hydrostatic coefficients

>> 19 non-hydrostatic coefticients

>> (Onsager reduces to 14



Need to solve:

1

K= .U'O(Ta B2) |

_(8M4 w
op  |B

I

- 9q/op |

| ) e’\”p"B)\u,,Bpua — TB)‘('?)\T

gt =Tprrg B

T 20'”

P

B*“ 0M,

Uy Sy — B0y,

T Ou

BHEP

¢
— T
(e+P+w|B|

~ / ~/
|10, —0]|0
_ZT( x XJ

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



WHAT IS THE DUAL
FORMULATION OF MRD?



AISTORICAL ReECORD

>> Higher-dimensional Rotating Charged Black Holes (2011)
M. Caldarelli, R. Emparan & B. Pol

>> Blackfolds in Supergravity and String Theory (2011)

R. Emparan, T. Harmark, V. Niarchos & N. Obers

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




AISTORICAL ReECORD

>> Dissipative string fluids (2014)
D. Schubring

>> (seneralised global symmetries and dissipative MHD (2016)
S. Grozdanov, D. M. Hofman & N. Igba

>> Relativistic magnetonydrodynamics (2017)
|. Hernandez & P. Kovtun

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

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

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

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

>> A causal and stable model of MHD (2022)
JA &F. Camilloni




AISTORICAL ReECORD

>> Strong-field magnetohydrodynamics for neutron stars (2022)
5. Vardhan, S. Grozdanov, S. Leutheusser, H. Liu

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

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

>> (ausality in dissipative relativistic magnetohydrodynamics (2024)
R. RHoult & P. Kovtun

>> RMHD without Ampere’s law
R. Lier, A. Jain, JA, O. Porth




cLECTROMAGNETISM

+ Maxwell's equations

“Dual Maxwell equations”

Hence a 2-form dipole magnetic charge:

M> magnetic symmetry




MHD DUAL

» MHD Equations of motion

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




Breaking the one-form symmetry

1-form Goldstone
OxPu = £ypu — A

J-form superfluid velocity
v = 20100) + by

1-form Josephson condition

Ky — uufuu

H % <
%:Ag—l‘ﬁ bl/,u ,u/f:,uu—Tau(ﬁ SOV)

0-form Goldstone
0@ = Ly — AX

1-form supertluid velocity

En = O+ Ay

0-form Josephson condition

p=ut§,




FULLY 55B PHASE TEMPORAL 55B

— — s
g,uv Qu[ucy] Cuvpot C 5)(90 — 05)((70 _ 6#/\%

(= wh, =, — 10,

Cp = U &y = why,

i - P = P(T.¢)

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




namic compression

QO
n
A
o
R

o
S
S

Static compression

13

14

15 & 20 V
\ 16 ¥¢ 21 @

17 AN 22 O

18 O 23 O

19 O

PLASMA
PHASE
[RANSITION S

S
~
5
—
=
<
3,
Q.
=
[P
-

Solid state

100 150 200 250
Pressure, GPa

Figure 1. (Color online.) Experimental phase diagram of hydrogen/
deuterium fluid at high pressures. /—hydrogen melt line [67]. Filled




MHD DUAL

+(an define partition function:

F[g,ul/vb,uV;SOM] — _/d4$\/_9P(T7 CQ)

which gives the stress tensor and current:

and thermodynamic relations upon identification: ¢, = —wh,,

dp = sd1’ + pdw e+ P=1Ts+ pw




MHD DUAL

+ Variation with respect to

+ Atideal order the identification is:

0;J" =0

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



* Higher-order partition function

Qo
Vpo Vpo
N =p— —e"P°u,H, s — Be"P7u,hy,0pu,

6

~ ~ V) ~
— ﬁlh“(')uT — ﬁgh“@u? — ﬁ36“y’oauuhy8pha

+ Non-hydrostatic corrections

TH = b€ ubu” + 6 fAM + 51 h*hY + 207 + 2k Hy?) + ¢

nhs

J = 20p uPh¥ + 2mlFpY 4 2ntu) 4 Gs et

nhs




- Total transport coeficients;
>> 5 hydrostatic coefficients, 19 non-hydrostatic coefticients

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



Map between formulations

~ ~f
X1X

C1 = (11 L (= (o
g
X1
g

X1X5

K1 =

, ~
o (ox0y — Ox
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~ f ~ /
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77“ = 111 9
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| - CAUSALITY AND STABILITY






Initial equilibrium state:

1
T o T() u,l(LO) — \/1 — U2 (170707U0>

0

Perturbations around equilibrium:




WV ES

* Unstable mode

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



Causality is also violated:

1 > lim

k— o0

Re(

S
?T‘/\
%N
\-/

> ()



AOW 10 DEAL WITH THIS?

+ MIS
» BDNK
‘ Density frame (Armas and Jain ZOZO) (see 2024 papers by Bhambure, Singh, Teaney et al)



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

" = (e + p)u'u” + pg"” — pphth”

JHY qu[u 84



Out of equilibrium:
T = (e+ p)utu” + pg"” — pph"h” +T1)

JHY qu[uhV] +J1)

emperature, velocity, chemical potential and director can be redefineaq:




General parametrisation:

Tﬁ'; — Seutu” 4+ S FAMY + STh*hY + 20 vhHu?) + 2000 pY) 4 2k V) 4 v

TP = 26 ou* Y 4+ 2mF R 4 onlty) 4 sV

(1)
* Fixing frame gives / transport coefficients

General frame gives 28 transport coefficients!
(big applause)




Why you don’t want to fix the frame:

1 — 2
:@'\/ QUO P Ok)
Yo M7

W

* Instability!




Not fixing a frame gives

oe = —e1A"'V u, — eoh*h"V yu, — e3u#V T — equtV, (1/T)
of = —fLA*'V uy, — foh*R"V u, — f3u#V,T — f4u#V, (0/T)
ot = —nA"V, u, — h*h'V u, — 3utV, T — 14utV,, (1/T)
ox = —Tx1u*h"dBgu, — x2Vu(Tph") |

= —TUHA" R 6Bgue — Tl AP u’dpbyy

kP = —Tki AP h b,y — Thko AP u 6 g gy

6o = —01A"'V yuy, — 02h"* K"V yuy, — p3u#*V T — 04u*V , (1/T)
mt = —Tmi A" h 6pb, ) — Tma A" urdpg,y

nt = —Tn A" h"0pgys — TnoAM u”dpbys,

1
Y = —Tn, (A“PA”" - §A‘“’AP") 6BIpo

st = —Tr AP A" dBbys




TAKE CONSTANT MAGNETIC FIELDS

stanility causality



GENERAL ANALYSIS

Many inequalities

* Two channels, 13 modes, 7 gappec

no <0 , ka<0 , (x1+x20T) <0, g>0, (e403—¢€304) <O

g — T)‘(TZQS + €4 — 2#@40 — TQX(53 — MQS) T MX(&L — MQ4) — CT2Q4

|. Armas & F. Camilloni, 2022



SOLVING CONSTRAINTS:
choose holographic equation of state and transport coetficients

weak field (T/v/B > 1) | strong field (T/VB < 1) |

f
F okt ;

%) . ,

)

Grozdanov & Poovuttikul 2017



CAUSAL
AND
STABLE!

Had to turn on 7 BDNK coefficients




11 - NUMERICAL IMPLEMENTATON



T

coefficients, tain't gonna

pUt th;t INto happen
code




RESISTIVE MAD ONE-FORM MHD

THY  TH ,OV TMV7JMV7IOV

) “Yext?

STIFENESS PROBLEM
(IMEX)




V,T" =0 V,J" =0 V,p'=

Equilibrium (ideal order) stress tensor and current:

1
THY = (e + P + b2) utu” + (p — —b2> g’ — b"b”

2
JHY — 94 lrpV]

| %4

p- = pu”



RESISTIVE MRD DUAL

(see also Hoult, Kovtun, 2024)

0

THY DAL T = J 4+ TR — 2rulh Y, 00 4+ O(0°)

(1)

|74

0 DEAL

v 5 1% . Do
Jé) = — (271183‘)[“[? b7 + | B"’B ) 2T3{,;<?>

SYSTEM IS STABLE AND CAUSAL FOR

SUFFICIENTLY LARGE T




bhac.science — The Black Hole Accretion Code
Home Publications Documentation Download Gallery Developers

FLUX CONSERVATIVE
FORM




THE ORSZAG-TANG VORTEX (") = (~Tvmax sin(y). D sin(z)

(J*, JY) = (— sin(y),sin(Qm))

Higher form MHD Resistive MHD
r=0.002; tau=0.004 n=0.002




THE ORS/AG-TANG VORTEX

Ideal MHD One-form MHD Resistive MHD
N, = 1024 r=0.002: T=0.004 n=0.002

—— —_—

4

Ideal MHD \ One-form MHD Resistive MHD
N, =1024 : r=0.002; t=0.004 n=0.002 \ i




THE ORS/AG-TANG VORTEX

HOW WELL
DOES 1T DO?

Ttt

tt
TEM

tt
TPAKE

FIG. 2. Energy evolution of the Orszag-Tang vortex problem.
Solid lines: one-form MHD, dashed lines: traditional resistive
MHD, dotted lines: ideal MHD (at resolution of 1024* grid-

points). In black (right y-axis), we show the maximum value
of the current density magnitude for all three cases.




V- APPROXIMATE RIGHER-FORMS
AND GENERALIZED MELTING



MAGNETIC MONOPOLES

(auss constraint:

Magnetic monopoles:

Y, J" = (L




HOW TO INCLUDE VORTICES?

g,uu p— 28[M¢V] _|_ b,uV
OuPr) = ZQ[MgE,/] + £V

0
n
A
[
S &

N
-
-
-

Static compression

\ Semi conduct ng
\

RS

|

18 o 23 O
19 O

9
N,
O‘\
—
=
—
o]
—
(D]
Q.
=
(D]
-

VPO & VPO
56'“ PC0LE po = ge“ PO o + (LH

|
5 e P70,V
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JA, A. Jain, Approximate higher-form symmetries, PRD, 2023



q-form fluids

U(1),-ESB

q-form superfluids
with vortices

U(1), x U7,

u(1),-ESB
B —

(c)

u(1),-ESB
B ——

J
U(1), x U1,

q-form pseudo-fluids

¥.

r

q-form pseudo-superfluids
(relaxed phase)

J
U, x U(1),

U(1),-ESB

(

q-form pseudo-superfluids
(relaxed phase) with vortices

2

J

.....Q.>
(h)

FIG. 1. Phases with approximate higher-form symmetry.
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