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GENERALISED GLOBAL SYMMETRIES

➤ Generalised global symmetries are a generic feature of 
theories with topologically conserved charges [1]. 

➤ Generalised symmetries are associated with higher-
dimensional conserved objects like strings or surfaces. 

➤ Magnetohydrodynamics can be reformulated as a theory of 
conserved strings (magnetic field lines). The dual theory is 
a special case of one-form superfluids [2]. 

➤ Superfluid dynamics is equivalent to a fluid with an 
anomalous (d-1)-form symmetry [3]. 

➤ Viscoelastic hydrodynamics can be understood as a theory 
with d copies of (d-1)-form symmetries [4].

2

[1] Gaiotto, Kapustin, Seiberg, Willett [1412.5148]. 
[2] Grozdanov, Hofman, Iqbal [1610.07392]; Armas, AJ [1803.00991,1808.01939,1811.04913]. 
[3] Delacretaz, Hofman, Mathys [1908.06977]. 
[3] Grozdanov, Poovuttikul [1801.03199]; Armas, AJ [1908.01175].

http://arxiv.org/abs/arXiv:1803.00991
http://arxiv.org/abs/arXiv:1808.01939
http://arxiv.org/abs/arXiv:1811.04913


HIGHER-FORM SYMMETRIES

➤ A zero-form global symmetry is characterised by a conserved one-form current 
 
 
 
 
The associated charge operator is conserved and counts the number of “charged particles” in a 
region of space. 

➤ A q-form symmetry is characterised by a conserved (q+1)-form current [1] 
 
 
 
 
The conserved charge operator counts the number of “charged q-objects” crossing through a  
(d-q)-dimensional submanifold.
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∂μJμ = 0, Q[Σd] = ∫Σd

⋆ J(1) .

∂μJμν1…νq = 0, Q[Σd−q] = ∫Σd−q

⋆ J(q+1) .

[1] Gaiotto, Kapustin, Seiberg, Willett [1412.5148].



HIGHER-FORM SYMMETRIES
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∂μJμ = 0

Q[Σ3] = ∫Σ3

⋆ J(1)

∂μJμν = 0

Q[Σ2] = ∫Σ2

⋆ J(2)

∂μJμνρ = 0

Q[Σ1] = ∫Σ1

⋆ J(3)

Σ3 Σ2 Σ1



OUTLINE

➤ Relativistic magnetohydrodynamics 

➤ String fluids 

➤ Viscoelasticity and higher-form fluids 

➤ Equilibrium configurations & partial-symmetry breaking
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RELATIVISTIC 
MAGNETO-

HYDRODYNAMICS
conventional formulation
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MAGNETOHYDRODYNAMICS

➤ Magnetohydrodynamics (MHD) describes the physics of 
electromagnetically conducting plasmas [1]. 

➤ Electric fields are screened in a plasma due to the presence 
of electrically charged particles. Low energy dynamics is 
dominated by magnetic fields. 

➤ MHD can be reformulated as a fluid with conserved string-
like charged objects (magnetic field lines) [2]. 

➤ The string fluid formulation is structurally cleaner and is 
better suited for analytic and numerical implementations.
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HYDRODYNAMICS AND ELECTROMAGNETISM

➤ Magnetohydrodynamics can be formulated as a charged fluid coupled to dynamical 
electromagnetic fields [1]. 

➤ The dynamical equations of MHD are energy-momentum conservation 
 
 
coupled to Maxwell’s equations 
 

➤ The dynamical fields of MHD are
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∂μTμν = 0.

Jν ≡ ∂μFμν + Jν
matter = 0, Fμν = ∂μAν − ∂νAμ .

uμ (uμuμ = − 1), T, μ, Eμ = Fμνuν, Bμ =
1
2

ϵμνρσuνFρσ .

[1] Hernandez, Kovtun, [1703.08757].



MHD CONSTITUTIVE RELATIONS

➤ A plasma is characterised by its constitutive relations 
 

➤ For instance, a plasma minimally coupled to electromagnetic fields via a conductivity term has 
constitutive relations 
 
 
 

➤ They satisfy the second law of thermodynamics
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Tμν[uμ, T, μ, Eμ, Bμ], Jμ[uμ, T, μ, Eμ, Bμ] .

Tμν = ϵ uμuν + P Pμν + (FμρFν
ρ −

1
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FρσFρσημν), Jμ = ∂νFνμ + q uμ + σ (Eμ − TPμν∂ν
μ
T ),

dP = sdT + qdμ, ϵ = sT + qμ − P, σ ≥ 0.

Sμ = s uμ −
μ
T

σ (Eμ − TPμν∂ν
μ
T ), ∂μSμ =

σ
T (Eμ − TPμν∂ν

μ
T ) (Eμ − TPμ

ρ∂ρ
μ
T ) ≥ 0.

Pμν = ημν + uμuν



10

NEUTRALITY AND ELECTRIC FIELD SCREENING

➤ Let us look at the Maxwell’s equations 
 
 

➤ These can be solved within the derivative expansion to give 
 
 
 
 

➤ At zeroth order in derivatives, the plasma is electromagnetically neutral and the electric fields 
are screened.

Jμ = ∂νFνμ + q uμ + σ (Eμ − TPμν∂ν
μ
T ) = 0.

q(T, μ) = uμ∂νFνμ = 𝒪(∂) ⟹ μ = μ0(T) + 𝒪(∂),

Eμ = TPμν∂ν
μ
T

−
1
σ

Pμ
ρ∂νFνρ = 𝒪(∂) .



TAKING THE MAXWELL’S EQUATIONS ON-SHELL

➤ We can use Maxwell’s equations to eliminate chemical potential and electric fields from the 
MHD constitutive relations 
 
 
We will assume                 for the remainder of this talk.  

➤ This reduces the dynamical variables to 
 

➤ The dynamics is governed by
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μ = μ0(T) + δμ[uμ, T, Bμ], Eμ = Eμ[uμ, T, Bμ] .

Tμν = (ϵ +
1
2

B2) uμuν + (p +
1
2

B2) Pμν − BμBν − uμuνT2 d
dT ( μ0

T ) ϵμνρσuμBν∂ρuσ − 2u(μϵν)ρστEρuσBτ

ϵ = T
dP0

dT
− P0

uμ (uμuμ = − 1), T, Bμ .

∂μTμν = 0, ∂μ ⋆Fμν = 0,

Tμν[uμ, T, Bμ], ⋆Fμν[uμ, T, Bμ] =
1
2

ϵμνρσFρσ = 2u[μBν] + ϵμνρσuρEσ[uμ, T, Bμ] .

μ0(T) = 0



STRING FLUIDS
reformulation of MHD
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FLUIDS WITH ONE-FORM SYMMETRY

➤ A one-form fluid is a fluid with a notion of conserved string charges. 

➤ Dynamics of a one-form fluid is governed by the respective conservation equations 
 
 
 
The time-component of the one-form conservation equation lacks a time 
derivative and hence does not govern evolution. It instead imposes a  
constraint on the initial conditions. 

➤ We can choose the required degrees of freedom to be 
 
 
 
These one-form fluids are called string fluids [1].
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∂μTμν = 0, ∂μJμν = 0

uμ (uμuμ = − 1), T, hμ (hμhμ = 1, uμhμ = 0), ϖ

[1] Schubring [1412.3135]; Grozdanov, Hofman, Iqbal [1610.07392].



STRING FLUID CONSTITUTIVE RELATIONS

➤ A string fluid is characterised by its constitutive relations 
 

➤ For example, we can have a string fluid with 
 
 
 
 

➤ They satisfy the second law of thermodynamics
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Tμν[uμ, T, hμ, ϖ], Jμν[uμ, T, hμ, ϖ] .

Tμν = ϵ uμuν + p Pμν − ϖρ hμhν, Jμν = 2ρ u[μhν] + (2r⊥ h[μΔν]ρhσ − r∥ ΔμρΔνσ) fρσ .

fμν = 2T ∂[μ (
ϖhν]

T )

dp = sdT + ρdϖ, ϵ = sT + ρϖ − p, r⊥ ≥ 0, r∥ ≥ 0.

Sμ = s uμ +
ϖ
T

r⊥Δμρhσfρσ, ∂μSμ =
1
T (r⊥hμhρΔνσ +

1
2

r∥ΔμρΔνσ) fμν fρσ ≥ 0.

Pμν = ημν + uμuν

Δμν = ημν + uμuν − hμhν



➤ MHD can be viewed as a string fluid with conserved magnetic field lines. 
 
 
 
 
 
 
 
 
 
 

➤ Upon including the most generic constitutive  
relations, the mapping becomes one-to-one.

MHD AS A STRING FLUID
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uμ uμ −
1

σ(T) ( T2s(T)
ϵ(T) + P(T) + B2 )2PμρBσ∂[ρ( Bσ]

T )

ϖ |B |

p(T, ϖ) P(T) +
1
2

B2

s(T, ϖ) s(T)

ρ(T, ϖ) |B |

ϵ(T, ϖ) ϵ(T) +
1
2

B2

r∥(T, ϖ) 1
σ(T)

r⊥(T, ϖ) 1
σ(T) ( T s(T)

ϵ(T) + P(T) + B2 )
2

hμ
Bμ

|B |

T T

  String                                  MHD                                            String                        MHD



VISCOELASTICITY
as higher-form hydrodynamics
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VISCOELASTIC HYDRODYNAMICS

➤ Viscoelastic hydrodynamics describes the near-equilibrium dynamics of a crystal that responds 
under mechanical deformations (strain). 

➤ It can be formulated as a fluid with spontaneously broken translational symmetries [1]. 

➤ The equations of motion are energy-momentum conservation 
 
 
along with configuration equations for the Goldstones [2] 
 

➤ The dynamical fields are
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[1] Martin, Parodi, Pershan; Jahnig, Schmidt 1972; Fukuma, Sakatani [1104.1416,1204.6288] 
[2] Armas, AJ [1908.01175]

∂μTμν = 0.

KI = 0.

uμ (uμuμ = − 1), T, uμ∂μϕI, PIμ = Pμν∂νϕI .



VISCOELASTIC CONSTITUTIVE RELATIONS

➤ A viscoelastic fluid is characterised by its constitutive relations 
 

➤ For example 
 
 
 

➤ For linear isotropic materials with 
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Tμν = ϵ uμuν + P Pμν − rIJ ∂μϕI∂νϕJ, KI = − σIJ uμ∂μϕJ − ∂μ (rIJ ∂μϕJ) = 0.

u0∂0δxI = uI − uJ∂JδxI + σ−1∂JrIJ + …

dP = sdT +
1
2

rIJdhIJ, ϵ = sT − P, [σIJ] ≥ 0.

Tμν[uμ, T, uμ∂μϕI, PIμ], KI[uμ, T, uμ∂μϕI, PIμ] = 0
PIμ = Pμν∂νϕI

Pμν = ημν + uμuν

hIJ = ημν∂μϕI∂νϕJ

ϕI(x) = xI − δxI(x), hIJ = δIJ + 2∂(IδxJ) + …

rIJ = B ∂KδxK δIJ + 2G (∂(IδxJ) −
1
3

∂KδxK δIJ) + …, σIJ = σ δIJ + …



GENERALISED GLOBAL SYMMETRIES IN VISCOELASTICITY
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➤ Viscoelasticity has a set of Bianchi identities 
 

➤ Conserved higher-form charges are lattice planes 
 

➤ Higher-form constitutive relations are given as 
 

➤ This leads to a dual formulation [1]

∂μJIμνρ = 0, JIμνρ = ϵλμνρ∂λϕI = ϵλμνρ (PI
λ − uλuσ∂σϕI)

Tμν[uμ, T, PIμ], JIμνρ[uμ, T, PIμ]

PIμ = Pμν∂νϕI

uμ∂μϕI = − (σ−1)IJ∂μ (rJK ∂μϕK) ⟹

∂μTμν = 0, ∂μJIμνρ = 0

uμ (uμuμ = − 1), T, ζIμν (uμζIμν = 0)

[1] Grozdanov, Poovuttikul [1801.03199], Armas, AJ [1908.01175]

QI[Σ1] = ∫Σ1

⋆ JI(3)
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PIμ = −
1
2

(r−1)IJϵμνρσuνζJρσ + …



EQUILIBRIUM 
CONFIGURATIONS

and partial symmetry breaking
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OVERVIEW

➤ Although string fluids are phenomenologically consistent, 
there are inherent subtleties in their equilibrium structure 
— they do not admit a local thermal partition function. 

➤ We motivate the introduction of a new non-hydrodynamic 
degree of freedom in string fluids, which is reminiscent of 
the “magnetic scalar potential” and fixes the equilibrium 
structure. 

➤ The scalar field is also reminiscent of the condensate in 
superfluids due to spontaneous symmetry breaking. We 
argue that string fluids can be seen as a symmetry broken 
phase of a fluid with a “one-form” symmetry.
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EQUILIBRIUM PARTITION FUNCTIONS

➤ Equilibrium configurations in thermal field theory are described by a partition function 
 
 
which is a functional of time-independent background sources coupled to conserved currents. 

➤ The partition function must be invariant under time-independent symmetry transformations 
of the background sources 
 

➤ Due to the absence of gapless modes, in the hydrodynamic regime, the partition function is a 
local functional of background fields [1]
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𝒵[gμν, Aμ, bμν],

δgμν = Lχ(x)gμν, δAμ = Lχ(x)Aμ + ∂μΛ(x), δbμν = Lχ(x)bμν + 2∂[μΛν](x) .

[1] Banerjee et al. [1203.3544]; Jensen et al. [1203.3556]. 

𝒵[gμν, Aμ, bμν] = exp( −
1
T0 ∫ d3x −g ℒ(gμν, Aμ, bμν, ∂μ)) .



THE EQUILIBRIUM PATHOLOGY

➤ Equilibrium configurations of ordinary charged fluids are generated by the partition function 
 
 
 
which leads to 

➤ Unlike zero-form fluids, no invariant zero-derivative scalars can be made out of        
 

➤ Therefore 
 
 
This partition function generates ideal uncharged fluids at ideal order. The effect of one-form 
charges can only be seen through derivative corrections.
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uμ = δμ
0 , T = T0, μ = μ0 .

bμν

𝒵[gμν, bμν] = exp( −
1
T0 ∫ d3x −g 𝒫(g00) + 𝒪(∂)) .

𝒵[gμν, Aμ] = exp( −
1
T0 ∫ d3x −g 𝒫(g00, A0) + 𝒪(∂)),

A0 → A0 + ∂0Λ(x) = A0, b0i → b0i + ∂0Λi(x) − ∂iΛ0(x) = b0i − ∂iΛ0(x) .



FIXING STRING EQUILIBRIUM

➤ We propose that string fluids contain a non-hydrodynamic gap-less scalar field which controls 
the equilibrium configurations [1]. 

➤ The scalar field transforms under background gauge transformations as 
 

➤ The string fluid partition function is given by 
 
 

➤ This is reminiscent of the partition function for superfluids [2]
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φ(x) → φ(x) −
1
T0

Λ0(x) .

𝒵[gμν, bμν] = ∫ 𝒟φ exp( −
1
T0 ∫ d3x −g 𝒫(g00, (b0i − T0∂iφ)2) + 𝒪(∂))

[1] J Armas, AJ, [1811.04913, 1808.01939]. 
[2] Bhattacharyya, Jain, Minwalla, Sharma [1206.6106]. 

𝒵[gμν, Aμ] = ∫ 𝒟ϕ exp( −
1
T0 ∫ d3x −g 𝒫(g00, A0, (Ai + ∂iϕ)2) + 𝒪(∂))

In the symmetry-broken phase 
of one-form symmetry, a.k.a. 
one-form superfluids, one 
introduces a Goldstone phase 
 

    of string fluids is like the  
time-component of the one-form 
phase, and suggests that the  
one-form symmetry is partially  
broken in a string fluid/MHD 
along the time-direction.

ϕμ → ϕμ − Λμ

φ



FIXING STRING EQUILIBRIUM

➤ Comparing with the string constitutive relations, we can find the equilibrium configuration 

➤ The scalar field follows its classical non-linear equation of motion 
 
 

➤ Recalling the identification with minimally coupled MHD 
 
 
 
To leading order, the scalar field is equivalent to the magnetic scalar potential. 

➤ The interpretation as magnetic scalar potential can be spoiled by non-minimal couplings and 
higher-derivative corrections in MHD.
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∂k ( ∂𝒫(g00, (∂iφ)2)
∂(∂iφ)2

∂kφ) = 𝒪(∂) .

uμ = δμ
0 , T = T0, ϖhμ = − T0∂μφ .

ϖ = |B | + 𝒪(∂), hμ =
Bμ

|B |
+ 𝒪(∂) ⟹ Bμ = − T0∂μφ + 𝒪(∂) .



ORDER PARAMETERS

➤ We would like to identify certain order parameters to distinguish between the phases where 
the underlying one-form symmetry is intact or is partially/completely broken. 

➤ In the zero-form case, vacuum expectation values of charged exponentials can serve as an 
order parameter 
 
 
If the expectation value is zero, the symmetry is unbroken, otherwise it is broken. 

➤ For one-form symmetries, the charged operators are defined over spacelike loops 
 
 
 
For large loops, the vacuum expectation value scales as the perimeter of the loop in the 
completely-broken phase, and the area of the loop otherwise.
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⟨exp (iϕ(x))⟩, ϕ → ϕ + Λ .

⟨exp(i∫C
φμ(x) dxμ)⟩, φμ → φμ + Λμ .



ORDER PARAMETER FOR PARTIAL SYMMETRY BREAKING

➤ Large loop behaviour of these operators does not distinguish between the unbroken and 
partially-broken phases of the one-form symmetry. 

➤ We need a preferred timelike vector to define an order parameter for the partially-broken 
phase. 

➤ In equilibrium field theories, there is a natural notion of such a time. We can define an order 
parameter by integrating      along the euclidean thermal circle 
 
 
 
 
This vacuum expectation value being zero or non-zero should distinguish between partially-
broken and unbroken phases in equilibrium.
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⟨exp( − ∫S1
τ

φμ(x) dxμ
E)⟩ = ⟨exp( i

T0
φ0(x))⟩, φμ → φμ + Λμ .

φμ



ORDER PARAMETER FOR PARTIAL SYMMETRY BREAKING

➤ Generically, there is no notion of a preferred time out of equilibrium. 

➤ However, within the regime of applicability of hydrodynamics as an effective field theory, the 
fluid velocity field provides a preferred time-like vector. 

➤ We can generalise the equilibrium order parameter as 
 
 
 

➤ The viability of this order parameter can be tested by computing this expectation value in an 
effective action framework of MHD/string fluids [1].
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⟨exp( i
T0

φ0(x))⟩ ⟶ ⟨exp( i
T

uμφμ(x))⟩ = ⟨exp (iφ(x))⟩ .

[1] Glorioso, Son [1811.04879].



OUTLOOK

➤ Various physical theories in the low-energy regime, like 
MHD and viscoelasticity, can be recast in terms of 
generalised global symmetries. 

➤ MHD has an underlying one-form symmetry in addition to 
the usual Poincaré symmetries, with 1 Goldstone scalar due 
to partial symmetry breaking and 7 hydrodynamic fields. 

➤ In equilibrium, the hydrodynamic degrees of freedom are 
frozen and the allowed configurations are governed by a 
Euclidean thermal field theory for the Goldstone. 

➤ Are there physical systems in nature with unbroken higher-
form symmetries, in the sense that they admit a local 
partition function description in equilibrium?
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<latexit sha1_base64="fFWBIbp62QE489epHA88wiMyomE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbah2WxIsoWy9Ed48aDi1f/jzX9j2u5BWx8MPN6bYWZepAQ31vO+UWltfWNzq7xd2dnd2z+oHh49mTTTlAU0FaluR8QwwSULLLeCtZVmJIkEa0Wju5nfGjNteCof7USxMCEDyWNOiXVSqzsmWg15r1rz6t4ceJX4BalBgWav+tXtpzRLmLRUEGM6vqdsmBNtORVsWulmhilCR2TAOo5KkjAT5vNzp/jMKX0cp9qVtHiu/p7ISWLMJIlcZ0Ls0Cx7M/E/r5PZ+DrMuVSZZZIuFsWZwDbFs99xn2tGrZg4Qqjm7lZMh0QTal1CFReCv/zyKgku6jd1/+Gy1rgt0ijDCZzCOfhwBQ24hyYEQGEEz/AKb0ihF/SOPhatJVTMHMMfoM8f5y2Peg==</latexit><latexit sha1_base64="fFWBIbp62QE489epHA88wiMyomE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbah2WxIsoWy9Ed48aDi1f/jzX9j2u5BWx8MPN6bYWZepAQ31vO+UWltfWNzq7xd2dnd2z+oHh49mTTTlAU0FaluR8QwwSULLLeCtZVmJIkEa0Wju5nfGjNteCof7USxMCEDyWNOiXVSqzsmWg15r1rz6t4ceJX4BalBgWav+tXtpzRLmLRUEGM6vqdsmBNtORVsWulmhilCR2TAOo5KkjAT5vNzp/jMKX0cp9qVtHiu/p7ISWLMJIlcZ0Ls0Cx7M/E/r5PZ+DrMuVSZZZIuFsWZwDbFs99xn2tGrZg4Qqjm7lZMh0QTal1CFReCv/zyKgku6jd1/+Gy1rgt0ijDCZzCOfhwBQ24hyYEQGEEz/AKb0ihF/SOPhatJVTMHMMfoM8f5y2Peg==</latexit><latexit sha1_base64="fFWBIbp62QE489epHA88wiMyomE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbah2WxIsoWy9Ed48aDi1f/jzX9j2u5BWx8MPN6bYWZepAQ31vO+UWltfWNzq7xd2dnd2z+oHh49mTTTlAU0FaluR8QwwSULLLeCtZVmJIkEa0Wju5nfGjNteCof7USxMCEDyWNOiXVSqzsmWg15r1rz6t4ceJX4BalBgWav+tXtpzRLmLRUEGM6vqdsmBNtORVsWulmhilCR2TAOo5KkjAT5vNzp/jMKX0cp9qVtHiu/p7ISWLMJIlcZ0Ls0Cx7M/E/r5PZ+DrMuVSZZZIuFsWZwDbFs99xn2tGrZg4Qqjm7lZMh0QTal1CFReCv/zyKgku6jd1/+Gy1rgt0ijDCZzCOfhwBQ24hyYEQGEEz/AKb0ihF/SOPhatJVTMHMMfoM8f5y2Peg==</latexit><latexit sha1_base64="fFWBIbp62QE489epHA88wiMyomE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoN6KXjxWcG2hXUo2zbah2WxIsoWy9Ed48aDi1f/jzX9j2u5BWx8MPN6bYWZepAQ31vO+UWltfWNzq7xd2dnd2z+oHh49mTTTlAU0FaluR8QwwSULLLeCtZVmJIkEa0Wju5nfGjNteCof7USxMCEDyWNOiXVSqzsmWg15r1rz6t4ceJX4BalBgWav+tXtpzRLmLRUEGM6vqdsmBNtORVsWulmhilCR2TAOo5KkjAT5vNzp/jMKX0cp9qVtHiu/p7ISWLMJIlcZ0Ls0Cx7M/E/r5PZ+DrMuVSZZZIuFsWZwDbFs99xn2tGrZg4Qqjm7lZMh0QTal1CFReCv/zyKgku6jd1/+Gy1rgt0ijDCZzCOfhwBQ24hyYEQGEEz/AKb0ihF/SOPhatJVTMHMMfoM8f5y2Peg==</latexit>

⇣̄µ
<latexit sha1_base64="W/k2/RuiV+YYx+VvC3mr8BPzAyA=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJvtpF26u4m7m0IN/R1ePKh49c9489+4bXPQ1gcDj/dmmJkXpZxp47rfztLyyuraemmjvLm1vbNb2du/10mmKPg04YlqRUQDZxJ8wwyHVqqAiIhDMxpcT/zmEJRmibwzoxRCQXqSxYwSY6UwiIgKnsCQh0BknUrVrblT4EXiFaSKCjQ6la+gm9BMgDSUE63bnpuaMCfKMMphXA4yDSmhA9KDtqWSCNBhPj16jI+t0sVxomxJg6fq74mcCK1HIrKdgpi+nvcm4n9eOzPxRZgzmWYGJJ0tijOOTYInCeAuU0ANH1lCqGL2Vkz7RBFqbE5lG4I3//Ii8U9rlzXv9qxavyrSKKFDdIROkIfOUR3doAbyEUWP6Bm9ojdn6Lw4787HrHXJKWYO0B84nz9lCpIN</latexit><latexit sha1_base64="W/k2/RuiV+YYx+VvC3mr8BPzAyA=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJvtpF26u4m7m0IN/R1ePKh49c9489+4bXPQ1gcDj/dmmJkXpZxp47rfztLyyuraemmjvLm1vbNb2du/10mmKPg04YlqRUQDZxJ8wwyHVqqAiIhDMxpcT/zmEJRmibwzoxRCQXqSxYwSY6UwiIgKnsCQh0BknUrVrblT4EXiFaSKCjQ6la+gm9BMgDSUE63bnpuaMCfKMMphXA4yDSmhA9KDtqWSCNBhPj16jI+t0sVxomxJg6fq74mcCK1HIrKdgpi+nvcm4n9eOzPxRZgzmWYGJJ0tijOOTYInCeAuU0ANH1lCqGL2Vkz7RBFqbE5lG4I3//Ii8U9rlzXv9qxavyrSKKFDdIROkIfOUR3doAbyEUWP6Bm9ojdn6Lw4787HrHXJKWYO0B84nz9lCpIN</latexit><latexit sha1_base64="W/k2/RuiV+YYx+VvC3mr8BPzAyA=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJvtpF26u4m7m0IN/R1ePKh49c9489+4bXPQ1gcDj/dmmJkXpZxp47rfztLyyuraemmjvLm1vbNb2du/10mmKPg04YlqRUQDZxJ8wwyHVqqAiIhDMxpcT/zmEJRmibwzoxRCQXqSxYwSY6UwiIgKnsCQh0BknUrVrblT4EXiFaSKCjQ6la+gm9BMgDSUE63bnpuaMCfKMMphXA4yDSmhA9KDtqWSCNBhPj16jI+t0sVxomxJg6fq74mcCK1HIrKdgpi+nvcm4n9eOzPxRZgzmWYGJJ0tijOOTYInCeAuU0ANH1lCqGL2Vkz7RBFqbE5lG4I3//Ii8U9rlzXv9qxavyrSKKFDdIROkIfOUR3doAbyEUWP6Bm9ojdn6Lw4787HrHXJKWYO0B84nz9lCpIN</latexit><latexit sha1_base64="W/k2/RuiV+YYx+VvC3mr8BPzAyA=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJvtpF26u4m7m0IN/R1ePKh49c9489+4bXPQ1gcDj/dmmJkXpZxp47rfztLyyuraemmjvLm1vbNb2du/10mmKPg04YlqRUQDZxJ8wwyHVqqAiIhDMxpcT/zmEJRmibwzoxRCQXqSxYwSY6UwiIgKnsCQh0BknUrVrblT4EXiFaSKCjQ6la+gm9BMgDSUE63bnpuaMCfKMMphXA4yDSmhA9KDtqWSCNBhPj16jI+t0sVxomxJg6fq74mcCK1HIrKdgpi+nvcm4n9eOzPxRZgzmWYGJJ0tijOOTYInCeAuU0ANH1lCqGL2Vkz7RBFqbE5lG4I3//Ii8U9rlzXv9qxavyrSKKFDdIROkIfOUR3doAbyEUWP6Bm9ojdn6Lw4787HrHXJKWYO0B84nz9lCpIN</latexit>

symmetry 
breaking

partial symmetry 
breaking

removal of

Jµ
ext = O (@)

<latexit sha1_base64="G8neaT9frWv9upQ2TDGmr8YtODk=">AAACHXicbVA9SwNBEN3zM8avqKXNYRBiE+5EUQshaCM2RjAmkIthbzOXLNn7YHdODMf9Ehv/io2FioWN+G/cS1Jo4oOBx3szuzPPjQRXaFnfxszs3PzCYm4pv7yyurZe2Ni8VWEsGdRYKELZcKkCwQOoIUcBjUgC9V0Bdbd/nvn1e5CKh8ENDiJo+bQbcI8zilpqFw4v24mD8ICJrjS9Sxw/Tk8dn2KPUZFcpY4AD0tORCVyKhzJuz3caxeKVtkawpwm9pgUyRjVduHT6YQs9iFAJqhSTduKsJVkjzIBad6JFUSU9WkXmpoG1AfVSobnpeauVjqmF0pdAZpD9fdEQn2lBr6rO7O91aSXif95zRi941bCgyhGCNjoIy8WJoZmlpXZ4RIYioEmlEmudzVZj0rKUCea1yHYkydPk9p++aRsXx8UK2fjNHJkm+yQErHJEamQC1IlNcLII3kmr+TNeDJejHfjY9Q6Y4xntsgfGF8/TiqkBQ==</latexit><latexit sha1_base64="G8neaT9frWv9upQ2TDGmr8YtODk=">AAACHXicbVA9SwNBEN3zM8avqKXNYRBiE+5EUQshaCM2RjAmkIthbzOXLNn7YHdODMf9Ehv/io2FioWN+G/cS1Jo4oOBx3szuzPPjQRXaFnfxszs3PzCYm4pv7yyurZe2Ni8VWEsGdRYKELZcKkCwQOoIUcBjUgC9V0Bdbd/nvn1e5CKh8ENDiJo+bQbcI8zilpqFw4v24mD8ICJrjS9Sxw/Tk8dn2KPUZFcpY4AD0tORCVyKhzJuz3caxeKVtkawpwm9pgUyRjVduHT6YQs9iFAJqhSTduKsJVkjzIBad6JFUSU9WkXmpoG1AfVSobnpeauVjqmF0pdAZpD9fdEQn2lBr6rO7O91aSXif95zRi941bCgyhGCNjoIy8WJoZmlpXZ4RIYioEmlEmudzVZj0rKUCea1yHYkydPk9p++aRsXx8UK2fjNHJkm+yQErHJEamQC1IlNcLII3kmr+TNeDJejHfjY9Q6Y4xntsgfGF8/TiqkBQ==</latexit><latexit sha1_base64="G8neaT9frWv9upQ2TDGmr8YtODk=">AAACHXicbVA9SwNBEN3zM8avqKXNYRBiE+5EUQshaCM2RjAmkIthbzOXLNn7YHdODMf9Ehv/io2FioWN+G/cS1Jo4oOBx3szuzPPjQRXaFnfxszs3PzCYm4pv7yyurZe2Ni8VWEsGdRYKELZcKkCwQOoIUcBjUgC9V0Bdbd/nvn1e5CKh8ENDiJo+bQbcI8zilpqFw4v24mD8ICJrjS9Sxw/Tk8dn2KPUZFcpY4AD0tORCVyKhzJuz3caxeKVtkawpwm9pgUyRjVduHT6YQs9iFAJqhSTduKsJVkjzIBad6JFUSU9WkXmpoG1AfVSobnpeauVjqmF0pdAZpD9fdEQn2lBr6rO7O91aSXif95zRi941bCgyhGCNjoIy8WJoZmlpXZ4RIYioEmlEmudzVZj0rKUCea1yHYkydPk9p++aRsXx8UK2fjNHJkm+yQErHJEamQC1IlNcLII3kmr+TNeDJejHfjY9Q6Y4xntsgfGF8/TiqkBQ==</latexit><latexit sha1_base64="G8neaT9frWv9upQ2TDGmr8YtODk=">AAACHXicbVA9SwNBEN3zM8avqKXNYRBiE+5EUQshaCM2RjAmkIthbzOXLNn7YHdODMf9Ehv/io2FioWN+G/cS1Jo4oOBx3szuzPPjQRXaFnfxszs3PzCYm4pv7yyurZe2Ni8VWEsGdRYKELZcKkCwQOoIUcBjUgC9V0Bdbd/nvn1e5CKh8ENDiJo+bQbcI8zilpqFw4v24mD8ICJrjS9Sxw/Tk8dn2KPUZFcpY4AD0tORCVyKhzJuz3caxeKVtkawpwm9pgUyRjVduHT6YQs9iFAJqhSTduKsJVkjzIBad6JFUSU9WkXmpoG1AfVSobnpeauVjqmF0pdAZpD9fdEQn2lBr6rO7O91aSXif95zRi941bCgyhGCNjoIy8WJoZmlpXZ4RIYioEmlEmudzVZj0rKUCea1yHYkydPk9p++aRsXx8UK2fjNHJkm+yQErHJEamQC1IlNcLII3kmr+TNeDJejHfjY9Q6Y4xntsgfGF8/TiqkBQ==</latexit>

dual  
when

Eµ = O (@)
<latexit sha1_base64="1mo7BELlle8uFMQfJLExRN7PxQ4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0Wpm5KIoC6EogjurGBsoallMp20QycPZm6EEvoHbvwVNy5U3Lp25984abPQ1gMDh3PuvXPv8WLBFVjWt1GYm19YXCoul1ZW19Y3zM2tOxUlkjKHRiKSTY8oJnjIHOAgWDOWjASeYA1vcJH5jQcmFY/CWxjGrB2QXsh9TgloqWPuX967QXLmBgT6lIj0euQK5kPFjYkEToQrea8PBx2zbFWtMfAssXNSRjnqHfPL7UY0CVgIVBClWrYVQzvNhlLBRiU3USwmdEB6rKVpSAKm2un4nhHe00oX+5HULwQ8Vn93pCRQahh4ujLbW017mfif10rAP2mnPIwTYCGdfOQnAkOEs3Bwl0tGQQw1IVRyvSumfSIJBR1hSYdgT588S5zD6mnVvjkq187zNIpoB+2iCrLRMaqhK1RHDqLoET2jV/RmPBkvxrvxMSktGHnPNvoD4/MHwSucsQ==</latexit><latexit sha1_base64="1mo7BELlle8uFMQfJLExRN7PxQ4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0Wpm5KIoC6EogjurGBsoallMp20QycPZm6EEvoHbvwVNy5U3Lp25984abPQ1gMDh3PuvXPv8WLBFVjWt1GYm19YXCoul1ZW19Y3zM2tOxUlkjKHRiKSTY8oJnjIHOAgWDOWjASeYA1vcJH5jQcmFY/CWxjGrB2QXsh9TgloqWPuX967QXLmBgT6lIj0euQK5kPFjYkEToQrea8PBx2zbFWtMfAssXNSRjnqHfPL7UY0CVgIVBClWrYVQzvNhlLBRiU3USwmdEB6rKVpSAKm2un4nhHe00oX+5HULwQ8Vn93pCRQahh4ujLbW017mfif10rAP2mnPIwTYCGdfOQnAkOEs3Bwl0tGQQw1IVRyvSumfSIJBR1hSYdgT588S5zD6mnVvjkq187zNIpoB+2iCrLRMaqhK1RHDqLoET2jV/RmPBkvxrvxMSktGHnPNvoD4/MHwSucsQ==</latexit><latexit sha1_base64="1mo7BELlle8uFMQfJLExRN7PxQ4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0Wpm5KIoC6EogjurGBsoallMp20QycPZm6EEvoHbvwVNy5U3Lp25984abPQ1gMDh3PuvXPv8WLBFVjWt1GYm19YXCoul1ZW19Y3zM2tOxUlkjKHRiKSTY8oJnjIHOAgWDOWjASeYA1vcJH5jQcmFY/CWxjGrB2QXsh9TgloqWPuX967QXLmBgT6lIj0euQK5kPFjYkEToQrea8PBx2zbFWtMfAssXNSRjnqHfPL7UY0CVgIVBClWrYVQzvNhlLBRiU3USwmdEB6rKVpSAKm2un4nhHe00oX+5HULwQ8Vn93pCRQahh4ujLbW017mfif10rAP2mnPIwTYCGdfOQnAkOEs3Bwl0tGQQw1IVRyvSumfSIJBR1hSYdgT588S5zD6mnVvjkq187zNIpoB+2iCrLRMaqhK1RHDqLoET2jV/RmPBkvxrvxMSktGHnPNvoD4/MHwSucsQ==</latexit><latexit sha1_base64="1mo7BELlle8uFMQfJLExRN7PxQ4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0Wpm5KIoC6EogjurGBsoallMp20QycPZm6EEvoHbvwVNy5U3Lp25984abPQ1gMDh3PuvXPv8WLBFVjWt1GYm19YXCoul1ZW19Y3zM2tOxUlkjKHRiKSTY8oJnjIHOAgWDOWjASeYA1vcJH5jQcmFY/CWxjGrB2QXsh9TgloqWPuX967QXLmBgT6lIj0euQK5kPFjYkEToQrea8PBx2zbFWtMfAssXNSRjnqHfPL7UY0CVgIVBClWrYVQzvNhlLBRiU3USwmdEB6rKVpSAKm2un4nhHe00oX+5HULwQ8Vn93pCRQahh4ujLbW017mfif10rAP2mnPIwTYCGdfOQnAkOEs3Bwl0tGQQw1IVRyvSumfSIJBR1hSYdgT588S5zD6mnVvjkq187zNIpoB+2iCrLRMaqhK1RHDqLoET2jV/RmPBkvxrvxMSktGHnPNvoD4/MHwSucsQ==</latexit>

Bµ = O (1)
<latexit sha1_base64="zHAH+Eki1m6AngNZAbzEH2nhFzQ=">AAACB3icbVBNS8NAEN3Ur1q/oh49GCxCvZREBPUglHrxZgVjC00tm+2mXbrZhN2JUEKPXvwrXjyoePUvePPfuGlz0NYHA4/3ZpiZ58ecKbDtb6OwsLi0vFJcLa2tb2xumds7dypKJKEuiXgkWz5WlDNBXWDAaSuWFIc+p01/eJn5zQcqFYvELYxi2glxX7CAEQxa6pr79XsvTC68EMOAYJ5ejz1OA6g4nmT9ARx1zbJdtSew5omTkzLK0eiaX14vIklIBRCOlWo7dgydFEtghNNxyUsUjTEZ4j5taypwSFUnnTwytg610rOCSOoSYE3U3xMpDpUahb7uzA5Ws14m/ue1EwjOOikTcQJUkOmiIOEWRFaWitVjkhLgI00wkUzfapEBlpiAzq6kQ3BmX54n7nH1vOrcnJRr9TyNItpDB6iCHHSKaugKNZCLCHpEz+gVvRlPxovxbnxMWwtGPrOL/sD4/AGrPJlQ</latexit><latexit sha1_base64="zHAH+Eki1m6AngNZAbzEH2nhFzQ=">AAACB3icbVBNS8NAEN3Ur1q/oh49GCxCvZREBPUglHrxZgVjC00tm+2mXbrZhN2JUEKPXvwrXjyoePUvePPfuGlz0NYHA4/3ZpiZ58ecKbDtb6OwsLi0vFJcLa2tb2xumds7dypKJKEuiXgkWz5WlDNBXWDAaSuWFIc+p01/eJn5zQcqFYvELYxi2glxX7CAEQxa6pr79XsvTC68EMOAYJ5ejz1OA6g4nmT9ARx1zbJdtSew5omTkzLK0eiaX14vIklIBRCOlWo7dgydFEtghNNxyUsUjTEZ4j5taypwSFUnnTwytg610rOCSOoSYE3U3xMpDpUahb7uzA5Ws14m/ue1EwjOOikTcQJUkOmiIOEWRFaWitVjkhLgI00wkUzfapEBlpiAzq6kQ3BmX54n7nH1vOrcnJRr9TyNItpDB6iCHHSKaugKNZCLCHpEz+gVvRlPxovxbnxMWwtGPrOL/sD4/AGrPJlQ</latexit><latexit sha1_base64="zHAH+Eki1m6AngNZAbzEH2nhFzQ=">AAACB3icbVBNS8NAEN3Ur1q/oh49GCxCvZREBPUglHrxZgVjC00tm+2mXbrZhN2JUEKPXvwrXjyoePUvePPfuGlz0NYHA4/3ZpiZ58ecKbDtb6OwsLi0vFJcLa2tb2xumds7dypKJKEuiXgkWz5WlDNBXWDAaSuWFIc+p01/eJn5zQcqFYvELYxi2glxX7CAEQxa6pr79XsvTC68EMOAYJ5ejz1OA6g4nmT9ARx1zbJdtSew5omTkzLK0eiaX14vIklIBRCOlWo7dgydFEtghNNxyUsUjTEZ4j5taypwSFUnnTwytg610rOCSOoSYE3U3xMpDpUahb7uzA5Ws14m/ue1EwjOOikTcQJUkOmiIOEWRFaWitVjkhLgI00wkUzfapEBlpiAzq6kQ3BmX54n7nH1vOrcnJRr9TyNItpDB6iCHHSKaugKNZCLCHpEz+gVvRlPxovxbnxMWwtGPrOL/sD4/AGrPJlQ</latexit><latexit sha1_base64="zHAH+Eki1m6AngNZAbzEH2nhFzQ=">AAACB3icbVBNS8NAEN3Ur1q/oh49GCxCvZREBPUglHrxZgVjC00tm+2mXbrZhN2JUEKPXvwrXjyoePUvePPfuGlz0NYHA4/3ZpiZ58ecKbDtb6OwsLi0vFJcLa2tb2xumds7dypKJKEuiXgkWz5WlDNBXWDAaSuWFIc+p01/eJn5zQcqFYvELYxi2glxX7CAEQxa6pr79XsvTC68EMOAYJ5ejz1OA6g4nmT9ARx1zbJdtSew5omTkzLK0eiaX14vIklIBRCOlWo7dgydFEtghNNxyUsUjTEZ4j5taypwSFUnnTwytg610rOCSOoSYE3U3xMpDpUahb7uzA5Ws14m/ue1EwjOOikTcQJUkOmiIOEWRFaWitVjkhLgI00wkUzfapEBlpiAzq6kQ3BmX54n7nH1vOrcnJRr9TyNItpDB6iCHHSKaugKNZCLCHpEz+gVvRlPxovxbnxMWwtGPrOL/sD4/AGrPJlQ</latexit>

conducting 
plasmas

non-conducting 
 plasmas

Eµ = O (@)
<latexit sha1_base64="1mo7BELlle8uFMQfJLExRN7PxQ4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0Wpm5KIoC6EogjurGBsoallMp20QycPZm6EEvoHbvwVNy5U3Lp25984abPQ1gMDh3PuvXPv8WLBFVjWt1GYm19YXCoul1ZW19Y3zM2tOxUlkjKHRiKSTY8oJnjIHOAgWDOWjASeYA1vcJH5jQcmFY/CWxjGrB2QXsh9TgloqWPuX967QXLmBgT6lIj0euQK5kPFjYkEToQrea8PBx2zbFWtMfAssXNSRjnqHfPL7UY0CVgIVBClWrYVQzvNhlLBRiU3USwmdEB6rKVpSAKm2un4nhHe00oX+5HULwQ8Vn93pCRQahh4ujLbW017mfif10rAP2mnPIwTYCGdfOQnAkOEs3Bwl0tGQQw1IVRyvSumfSIJBR1hSYdgT588S5zD6mnVvjkq187zNIpoB+2iCrLRMaqhK1RHDqLoET2jV/RmPBkvxrvxMSktGHnPNvoD4/MHwSucsQ==</latexit><latexit sha1_base64="1mo7BELlle8uFMQfJLExRN7PxQ4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0Wpm5KIoC6EogjurGBsoallMp20QycPZm6EEvoHbvwVNy5U3Lp25984abPQ1gMDh3PuvXPv8WLBFVjWt1GYm19YXCoul1ZW19Y3zM2tOxUlkjKHRiKSTY8oJnjIHOAgWDOWjASeYA1vcJH5jQcmFY/CWxjGrB2QXsh9TgloqWPuX967QXLmBgT6lIj0euQK5kPFjYkEToQrea8PBx2zbFWtMfAssXNSRjnqHfPL7UY0CVgIVBClWrYVQzvNhlLBRiU3USwmdEB6rKVpSAKm2un4nhHe00oX+5HULwQ8Vn93pCRQahh4ujLbW017mfif10rAP2mnPIwTYCGdfOQnAkOEs3Bwl0tGQQw1IVRyvSumfSIJBR1hSYdgT588S5zD6mnVvjkq187zNIpoB+2iCrLRMaqhK1RHDqLoET2jV/RmPBkvxrvxMSktGHnPNvoD4/MHwSucsQ==</latexit><latexit sha1_base64="1mo7BELlle8uFMQfJLExRN7PxQ4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0Wpm5KIoC6EogjurGBsoallMp20QycPZm6EEvoHbvwVNy5U3Lp25984abPQ1gMDh3PuvXPv8WLBFVjWt1GYm19YXCoul1ZW19Y3zM2tOxUlkjKHRiKSTY8oJnjIHOAgWDOWjASeYA1vcJH5jQcmFY/CWxjGrB2QXsh9TgloqWPuX967QXLmBgT6lIj0euQK5kPFjYkEToQrea8PBx2zbFWtMfAssXNSRjnqHfPL7UY0CVgIVBClWrYVQzvNhlLBRiU3USwmdEB6rKVpSAKm2un4nhHe00oX+5HULwQ8Vn93pCRQahh4ujLbW017mfif10rAP2mnPIwTYCGdfOQnAkOEs3Bwl0tGQQw1IVRyvSumfSIJBR1hSYdgT588S5zD6mnVvjkq187zNIpoB+2iCrLRMaqhK1RHDqLoET2jV/RmPBkvxrvxMSktGHnPNvoD4/MHwSucsQ==</latexit><latexit sha1_base64="1mo7BELlle8uFMQfJLExRN7PxQ4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0Wpm5KIoC6EogjurGBsoallMp20QycPZm6EEvoHbvwVNy5U3Lp25984abPQ1gMDh3PuvXPv8WLBFVjWt1GYm19YXCoul1ZW19Y3zM2tOxUlkjKHRiKSTY8oJnjIHOAgWDOWjASeYA1vcJH5jQcmFY/CWxjGrB2QXsh9TgloqWPuX967QXLmBgT6lIj0euQK5kPFjYkEToQrea8PBx2zbFWtMfAssXNSRjnqHfPL7UY0CVgIVBClWrYVQzvNhlLBRiU3USwmdEB6rKVpSAKm2un4nhHe00oX+5HULwQ8Vn93pCRQahh4ujLbW017mfif10rAP2mnPIwTYCGdfOQnAkOEs3Bwl0tGQQw1IVRyvSumfSIJBR1hSYdgT588S5zD6mnVvjkq187zNIpoB+2iCrLRMaqhK1RHDqLoET2jV/RmPBkvxrvxMSktGHnPNvoD4/MHwSucsQ==</latexit>

Bµ = O (1)
<latexit sha1_base64="zHAH+Eki1m6AngNZAbzEH2nhFzQ=">AAACB3icbVBNS8NAEN3Ur1q/oh49GCxCvZREBPUglHrxZgVjC00tm+2mXbrZhN2JUEKPXvwrXjyoePUvePPfuGlz0NYHA4/3ZpiZ58ecKbDtb6OwsLi0vFJcLa2tb2xumds7dypKJKEuiXgkWz5WlDNBXWDAaSuWFIc+p01/eJn5zQcqFYvELYxi2glxX7CAEQxa6pr79XsvTC68EMOAYJ5ejz1OA6g4nmT9ARx1zbJdtSew5omTkzLK0eiaX14vIklIBRCOlWo7dgydFEtghNNxyUsUjTEZ4j5taypwSFUnnTwytg610rOCSOoSYE3U3xMpDpUahb7uzA5Ws14m/ue1EwjOOikTcQJUkOmiIOEWRFaWitVjkhLgI00wkUzfapEBlpiAzq6kQ3BmX54n7nH1vOrcnJRr9TyNItpDB6iCHHSKaugKNZCLCHpEz+gVvRlPxovxbnxMWwtGPrOL/sD4/AGrPJlQ</latexit><latexit sha1_base64="zHAH+Eki1m6AngNZAbzEH2nhFzQ=">AAACB3icbVBNS8NAEN3Ur1q/oh49GCxCvZREBPUglHrxZgVjC00tm+2mXbrZhN2JUEKPXvwrXjyoePUvePPfuGlz0NYHA4/3ZpiZ58ecKbDtb6OwsLi0vFJcLa2tb2xumds7dypKJKEuiXgkWz5WlDNBXWDAaSuWFIc+p01/eJn5zQcqFYvELYxi2glxX7CAEQxa6pr79XsvTC68EMOAYJ5ejz1OA6g4nmT9ARx1zbJdtSew5omTkzLK0eiaX14vIklIBRCOlWo7dgydFEtghNNxyUsUjTEZ4j5taypwSFUnnTwytg610rOCSOoSYE3U3xMpDpUahb7uzA5Ws14m/ue1EwjOOikTcQJUkOmiIOEWRFaWitVjkhLgI00wkUzfapEBlpiAzq6kQ3BmX54n7nH1vOrcnJRr9TyNItpDB6iCHHSKaugKNZCLCHpEz+gVvRlPxovxbnxMWwtGPrOL/sD4/AGrPJlQ</latexit><latexit sha1_base64="zHAH+Eki1m6AngNZAbzEH2nhFzQ=">AAACB3icbVBNS8NAEN3Ur1q/oh49GCxCvZREBPUglHrxZgVjC00tm+2mXbrZhN2JUEKPXvwrXjyoePUvePPfuGlz0NYHA4/3ZpiZ58ecKbDtb6OwsLi0vFJcLa2tb2xumds7dypKJKEuiXgkWz5WlDNBXWDAaSuWFIc+p01/eJn5zQcqFYvELYxi2glxX7CAEQxa6pr79XsvTC68EMOAYJ5ejz1OA6g4nmT9ARx1zbJdtSew5omTkzLK0eiaX14vIklIBRCOlWo7dgydFEtghNNxyUsUjTEZ4j5taypwSFUnnTwytg610rOCSOoSYE3U3xMpDpUahb7uzA5Ws14m/ue1EwjOOikTcQJUkOmiIOEWRFaWitVjkhLgI00wkUzfapEBlpiAzq6kQ3BmX54n7nH1vOrcnJRr9TyNItpDB6iCHHSKaugKNZCLCHpEz+gVvRlPxovxbnxMWwtGPrOL/sD4/AGrPJlQ</latexit><latexit sha1_base64="zHAH+Eki1m6AngNZAbzEH2nhFzQ=">AAACB3icbVBNS8NAEN3Ur1q/oh49GCxCvZREBPUglHrxZgVjC00tm+2mXbrZhN2JUEKPXvwrXjyoePUvePPfuGlz0NYHA4/3ZpiZ58ecKbDtb6OwsLi0vFJcLa2tb2xumds7dypKJKEuiXgkWz5WlDNBXWDAaSuWFIc+p01/eJn5zQcqFYvELYxi2glxX7CAEQxa6pr79XsvTC68EMOAYJ5ejz1OA6g4nmT9ARx1zbJdtSew5omTkzLK0eiaX14vIklIBRCOlWo7dgydFEtghNNxyUsUjTEZ4j5taypwSFUnnTwytg610rOCSOoSYE3U3xMpDpUahb7uzA5Ws14m/ue1EwjOOikTcQJUkOmiIOEWRFaWitVjkhLgI00wkUzfapEBlpiAzq6kQ3BmX54n7nH1vOrcnJRr9TyNItpDB6iCHHSKaugKNZCLCHpEz+gVvRlPxovxbnxMWwtGPrOL/sD4/AGrPJlQ</latexit>

⇣µ = O (1)
<latexit sha1_base64="S1RYXyNd+UerndWrJ8sWQA+WqmU=">AAACC3icbVDLSsNAFJ34rPVVdekmWIS6KYkI6kIounFnBWMLTSyT6U07dPJg5kaooR/gxl9x40LFrT/gzr9x0nahrQcGDuecy9x7/ERwhZb1bczNLywuLRdWiqtr6xubpa3tWxWnkoHDYhHLpk8VCB6BgxwFNBMJNPQFNPz+Re437kEqHkc3OEjAC2k34gFnFLXULpXdB0B654bpmRtS7DEqsquhKyDAiu1K3u3hgU5ZVWsEc5bYE1ImE9TbpS+3E7M0hAiZoEq1bCtBL6MSORMwLLqpgoSyPu1CS9OIhqC8bHTM0NzXSscMYqlfhOZI/T2R0VCpQejrZL6wmvZy8T+vlWJw4mU8SlKEiI0/ClJhYmzmzZgdLoGhGGhCmeR6V5P1qKQMdX9FXYI9ffIscQ6rp1X7+qhcO5+0USC7ZI9UiE2OSY1ckjpxCCOP5Jm8kjfjyXgx3o2PcXTOmMzskD8wPn8ANSabRg==</latexit><latexit sha1_base64="S1RYXyNd+UerndWrJ8sWQA+WqmU=">AAACC3icbVDLSsNAFJ34rPVVdekmWIS6KYkI6kIounFnBWMLTSyT6U07dPJg5kaooR/gxl9x40LFrT/gzr9x0nahrQcGDuecy9x7/ERwhZb1bczNLywuLRdWiqtr6xubpa3tWxWnkoHDYhHLpk8VCB6BgxwFNBMJNPQFNPz+Re437kEqHkc3OEjAC2k34gFnFLXULpXdB0B654bpmRtS7DEqsquhKyDAiu1K3u3hgU5ZVWsEc5bYE1ImE9TbpS+3E7M0hAiZoEq1bCtBL6MSORMwLLqpgoSyPu1CS9OIhqC8bHTM0NzXSscMYqlfhOZI/T2R0VCpQejrZL6wmvZy8T+vlWJw4mU8SlKEiI0/ClJhYmzmzZgdLoGhGGhCmeR6V5P1qKQMdX9FXYI9ffIscQ6rp1X7+qhcO5+0USC7ZI9UiE2OSY1ckjpxCCOP5Jm8kjfjyXgx3o2PcXTOmMzskD8wPn8ANSabRg==</latexit><latexit sha1_base64="S1RYXyNd+UerndWrJ8sWQA+WqmU=">AAACC3icbVDLSsNAFJ34rPVVdekmWIS6KYkI6kIounFnBWMLTSyT6U07dPJg5kaooR/gxl9x40LFrT/gzr9x0nahrQcGDuecy9x7/ERwhZb1bczNLywuLRdWiqtr6xubpa3tWxWnkoHDYhHLpk8VCB6BgxwFNBMJNPQFNPz+Re437kEqHkc3OEjAC2k34gFnFLXULpXdB0B654bpmRtS7DEqsquhKyDAiu1K3u3hgU5ZVWsEc5bYE1ImE9TbpS+3E7M0hAiZoEq1bCtBL6MSORMwLLqpgoSyPu1CS9OIhqC8bHTM0NzXSscMYqlfhOZI/T2R0VCpQejrZL6wmvZy8T+vlWJw4mU8SlKEiI0/ClJhYmzmzZgdLoGhGGhCmeR6V5P1qKQMdX9FXYI9ffIscQ6rp1X7+qhcO5+0USC7ZI9UiE2OSY1ckjpxCCOP5Jm8kjfjyXgx3o2PcXTOmMzskD8wPn8ANSabRg==</latexit><latexit sha1_base64="S1RYXyNd+UerndWrJ8sWQA+WqmU=">AAACC3icbVDLSsNAFJ34rPVVdekmWIS6KYkI6kIounFnBWMLTSyT6U07dPJg5kaooR/gxl9x40LFrT/gzr9x0nahrQcGDuecy9x7/ERwhZb1bczNLywuLRdWiqtr6xubpa3tWxWnkoHDYhHLpk8VCB6BgxwFNBMJNPQFNPz+Re437kEqHkc3OEjAC2k34gFnFLXULpXdB0B654bpmRtS7DEqsquhKyDAiu1K3u3hgU5ZVWsEc5bYE1ImE9TbpS+3E7M0hAiZoEq1bCtBL6MSORMwLLqpgoSyPu1CS9OIhqC8bHTM0NzXSscMYqlfhOZI/T2R0VCpQejrZL6wmvZy8T+vlWJw4mU8SlKEiI0/ClJhYmzmzZgdLoGhGGhCmeR6V5P1qKQMdX9FXYI9ffIscQ6rp1X7+qhcO5+0USC7ZI9UiE2OSY1ckjpxCCOP5Jm8kjfjyXgx3o2PcXTOmMzskD8wPn8ANSabRg==</latexit>

⇣̄µ = O (@)
<latexit sha1_base64="w3kRe7JsiYDUWJDNyYgVuoE7XYk=">AAACFnicbVDLSgNBEJz1bXxFPXpZDIJewq4I6kEQvXgzglEhE0PvpDcZnH0w0yvEJX/hxV/x4kHFq3jzb5xNcvBVMFBUdfd0V5AqacjzPp2x8YnJqemZ2dLc/MLiUnl55cIkmRZYF4lK9FUABpWMsU6SFF6lGiEKFF4GN8eFf3mL2sgkPqdeis0IOrEMpQCyUqtc5QFofocE1zzKDngE1BWg8tM+VxjSJk9BkwTFtex0aatVrnhVbwD3L/FHpMJGqLXKH7ydiCzCmIQCYxq+l1IzL4YKhf0SzwymIG6ggw1LY4jQNPPBXX13wyptN0y0fTG5A/V7Rw6RMb0osJXF3ua3V4j/eY2Mwr1mLuM0I4zF8KMwUy4lbhGS25YaBameJSC0tLu6ogsaBNkoSzYE//fJf0l9u7pf9c92KodHozRm2BpbZ5vMZ7vskJ2wGqszwe7ZI3tmL86D8+S8Om/D0jFn1LPKfsB5/wKKtqBd</latexit><latexit sha1_base64="w3kRe7JsiYDUWJDNyYgVuoE7XYk=">AAACFnicbVDLSgNBEJz1bXxFPXpZDIJewq4I6kEQvXgzglEhE0PvpDcZnH0w0yvEJX/hxV/x4kHFq3jzb5xNcvBVMFBUdfd0V5AqacjzPp2x8YnJqemZ2dLc/MLiUnl55cIkmRZYF4lK9FUABpWMsU6SFF6lGiEKFF4GN8eFf3mL2sgkPqdeis0IOrEMpQCyUqtc5QFofocE1zzKDngE1BWg8tM+VxjSJk9BkwTFtex0aatVrnhVbwD3L/FHpMJGqLXKH7ydiCzCmIQCYxq+l1IzL4YKhf0SzwymIG6ggw1LY4jQNPPBXX13wyptN0y0fTG5A/V7Rw6RMb0osJXF3ua3V4j/eY2Mwr1mLuM0I4zF8KMwUy4lbhGS25YaBameJSC0tLu6ogsaBNkoSzYE//fJf0l9u7pf9c92KodHozRm2BpbZ5vMZ7vskJ2wGqszwe7ZI3tmL86D8+S8Om/D0jFn1LPKfsB5/wKKtqBd</latexit><latexit sha1_base64="w3kRe7JsiYDUWJDNyYgVuoE7XYk=">AAACFnicbVDLSgNBEJz1bXxFPXpZDIJewq4I6kEQvXgzglEhE0PvpDcZnH0w0yvEJX/hxV/x4kHFq3jzb5xNcvBVMFBUdfd0V5AqacjzPp2x8YnJqemZ2dLc/MLiUnl55cIkmRZYF4lK9FUABpWMsU6SFF6lGiEKFF4GN8eFf3mL2sgkPqdeis0IOrEMpQCyUqtc5QFofocE1zzKDngE1BWg8tM+VxjSJk9BkwTFtex0aatVrnhVbwD3L/FHpMJGqLXKH7ydiCzCmIQCYxq+l1IzL4YKhf0SzwymIG6ggw1LY4jQNPPBXX13wyptN0y0fTG5A/V7Rw6RMb0osJXF3ua3V4j/eY2Mwr1mLuM0I4zF8KMwUy4lbhGS25YaBameJSC0tLu6ogsaBNkoSzYE//fJf0l9u7pf9c92KodHozRm2BpbZ5vMZ7vskJ2wGqszwe7ZI3tmL86D8+S8Om/D0jFn1LPKfsB5/wKKtqBd</latexit><latexit sha1_base64="w3kRe7JsiYDUWJDNyYgVuoE7XYk=">AAACFnicbVDLSgNBEJz1bXxFPXpZDIJewq4I6kEQvXgzglEhE0PvpDcZnH0w0yvEJX/hxV/x4kHFq3jzb5xNcvBVMFBUdfd0V5AqacjzPp2x8YnJqemZ2dLc/MLiUnl55cIkmRZYF4lK9FUABpWMsU6SFF6lGiEKFF4GN8eFf3mL2sgkPqdeis0IOrEMpQCyUqtc5QFofocE1zzKDngE1BWg8tM+VxjSJk9BkwTFtex0aatVrnhVbwD3L/FHpMJGqLXKH7ydiCzCmIQCYxq+l1IzL4YKhf0SzwymIG6ggw1LY4jQNPPBXX13wyptN0y0fTG5A/V7Rw6RMb0osJXF3ua3V4j/eY2Mwr1mLuM0I4zF8KMwUy4lbhGS25YaBameJSC0tLu6ogsaBNkoSzYE//fJf0l9u7pf9c92KodHozRm2BpbZ5vMZ7vskJ2wGqszwe7ZI3tmL86D8+S8Om/D0jFn1LPKfsB5/wKKtqBd</latexit>

q⇥ = 0
<latexit sha1_base64="HYS8Eo9esqMuw85wRnWLPUiL3Mk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22227dLOJuxOhhP4LLx5UvPpzvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt79yZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weD3xG09cGxGrOxwlPIhoX4meYBSt9PDYaaOIuLl0O+WKW3WnIIvEy0kFctQ75a92N2ZpxBUySY1peW6CQUY1Cib5uNRODU8oG9I+b1mqqF0TZNOLx+TIKl3Si7UthWSq/p7IaGTMKAptZ0RxYOa9ifif10qxdx5kQiUpcsVmi3qpJBiTyfukKzRnKEeWUKaFvZWwAdWUoQ2pZEPw5l9eJP5J9aLq3Z5Wald5GkU4gEM4Bg/OoAY3UAcfGCh4hld4c4zz4rw7H7PWgpPP7MMfOJ8/ocWQbQ==</latexit><latexit sha1_base64="HYS8Eo9esqMuw85wRnWLPUiL3Mk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22227dLOJuxOhhP4LLx5UvPpzvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt79yZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weD3xG09cGxGrOxwlPIhoX4meYBSt9PDYaaOIuLl0O+WKW3WnIIvEy0kFctQ75a92N2ZpxBUySY1peW6CQUY1Cib5uNRODU8oG9I+b1mqqF0TZNOLx+TIKl3Si7UthWSq/p7IaGTMKAptZ0RxYOa9ifif10qxdx5kQiUpcsVmi3qpJBiTyfukKzRnKEeWUKaFvZWwAdWUoQ2pZEPw5l9eJP5J9aLq3Z5Wald5GkU4gEM4Bg/OoAY3UAcfGCh4hld4c4zz4rw7H7PWgpPP7MMfOJ8/ocWQbQ==</latexit><latexit sha1_base64="HYS8Eo9esqMuw85wRnWLPUiL3Mk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22227dLOJuxOhhP4LLx5UvPpzvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt79yZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weD3xG09cGxGrOxwlPIhoX4meYBSt9PDYaaOIuLl0O+WKW3WnIIvEy0kFctQ75a92N2ZpxBUySY1peW6CQUY1Cib5uNRODU8oG9I+b1mqqF0TZNOLx+TIKl3Si7UthWSq/p7IaGTMKAptZ0RxYOa9ifif10qxdx5kQiUpcsVmi3qpJBiTyfukKzRnKEeWUKaFvZWwAdWUoQ2pZEPw5l9eJP5J9aLq3Z5Wald5GkU4gEM4Bg/OoAY3UAcfGCh4hld4c4zz4rw7H7PWgpPP7MMfOJ8/ocWQbQ==</latexit><latexit sha1_base64="HYS8Eo9esqMuw85wRnWLPUiL3Mk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9C0YvHCsYW21A22227dLOJuxOhhP4LLx5UvPpzvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt79yZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weD3xG09cGxGrOxwlPIhoX4meYBSt9PDYaaOIuLl0O+WKW3WnIIvEy0kFctQ75a92N2ZpxBUySY1peW6CQUY1Cib5uNRODU8oG9I+b1mqqF0TZNOLx+TIKl3Si7UthWSq/p7IaGTMKAptZ0RxYOa9ifif10qxdx5kQiUpcsVmi3qpJBiTyfukKzRnKEeWUKaFvZWwAdWUoQ2pZEPw5l9eJP5J9aLq3Z5Wald5GkU4gEM4Bg/OoAY3UAcfGCh4hld4c4zz4rw7H7PWgpPP7MMfOJ8/ocWQbQ==</latexit>
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