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Symmetry Breaking Patterns and pseudo-Goldstone Bosons

SU(2)L x SU(2)r ~ O(4) 0(4) —» 0(3) x Z» (7,0)
Symmetric phase Spontaneous symmetry
Two-flavor QCD with breaking
mg — 0 m- Goldstone bosons with
m; =0

Approximate symmetry
spontaneous breaking my is
small but # 0

orc#0

7- pseudo-Goldstone bosons
with m; #0

Other low energy physics examples: U(1) (superfluid), translations (crystals, charge density

waves), rotations (nematic phases)
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Dynamic Critical Phenomena
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e Nonperturbative approach

e Real-time description



amic Universality Class

Static Universality Class

Spatial Dimension
Symmetry

Non-conserved Non-conserved
Non-conserved Conserved r Parameters Order Parameters
Order Parameters Order Paran oupled with Coupled with
Model A Model B Conserved Field O(N) Generators
Model C Model G

Dynamic Universality Class
Hohenberg and Halperin, Rev. Mod. Phys. 49 (1977) 435.

Chiral Phase Transition Model G
Critical End Point Model H

Conserved
Order Parameters
Coupled with
Conserved Momentum
Model H

z=4—n+n



Real-Time Functional
Renormalization Group



Schwinger-Keldysh path integral
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Functional renormalization group approach

&Uk:/D¢aM—ﬂﬂ+J-w—A&wD

whereAS,[p] = 2 f (27) d‘P q)R(q)v(q)
The scale dependent efFectlve action:
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fRG in Keldysh path integral
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Universal damping of
pseudo-Goldstone



Symmetry breaking of chiral phase transition

Approximate symmetry

SU(2)L x SU(2)r ~ O(4) 0(4) — 0(3) x Zy (w,0) spontaneous breaking my is
small but # 0
Symmetric phase Spontaneous symmetry orc#0
Two-flavor QCD with breaking - pseudo-Goldstone bosons
mg — 0 m- Goldstone bosons with with m, # 0
m; =0

O(N) Effective action on the S-K contour
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Universal damping of pseudo-Goldstone

The real-time dispersion relation of pseudo-Goldstone:

,.
w(p) = +coy/m2 + p? — 5 [Q, 4+ (Dg + D,)p?] + -

Q. relaxation/damping rate, D,: Goldstone diffusivity, T=03T,
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Universal damping of pseudo-Goldstone near the critical point

The relaxation/damping rate in Model A:
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Universal damping of pseudo-Goldstone near the critical point
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Large N limit
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Comparison to the 1/N expansion and ¢ expansion

The large N expansion of n and 7 from Wilson's

RG:
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Comparison to the 1/N expansion and ¢ expansion

The ¢ = 4 — d expansion of n and 7 from Wilson's
RG:
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Pseudo-Goldstone in Model G



Model G

The equations of motion for Model G:
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with the free energy functional reads
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Damping and propagation of pseudo-Goldstone in ModelG

Coupled Modes

O(N) Symmetry

Non conserved Fields: ¢,

(¢o) =00 # 0
Symmetry Breaking

Conserved charge densities: 74

Coupled (¢;,n0;) System:
Leads to damping and propagation for dispersion w(q)

Far below 7. (T < T.):

Damping ~ mi, Propagation ~ m,, (Dominant) <
Near 7. (I’ ~ T.):
Z(ic) ( ) 4z 72 %03
Damping rate Q, ~ ﬁmi Propagation depends on R =~ Z0m

(R > 1) Propagation, (R < 1) Purely Damped 16




Damping and propagation of pseudo-Goldstone in ModelG

Model A Model G
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Summary




Qv/mi

e The pseudo-Goldstone damping has a universal relation z—f & (B qr ©) (mi,/T2) in the
)
hydrodynamic regime while breaks down to 2—;’ x mﬁ", A, > 0 in the critical regime.

%
e The pseudo-Goldstone damping in Model G has a same universal relation
Q‘P

AS . D .
mh my", Ag = —0.5 < 0 in the critical regime.

18



	Introduction
	Dynamic Critical Phenomena
	Real-Time Functional Renormalization Group
	Universal damping of pseudo-Goldstone
	Pseudo-Goldstone in Model G
	Summary

