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Functional renormalization group approach

ZJ] = / Dpexp(—S[p] + J- 9 — ASi[e])

whereAS,[p] = 2 f (27) d‘P q)R(q)e(q)
The scale dependent efFectlve action:

M6l = —In ZeJ) + / dhxJ(x)b(x) — ASK[4]

Wetterich Equation :
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fRG in Keldysh path integral
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The flow equation in the closed time path : e Regulator

Tr [(0-Ri) (TP (0] + R e 0 R
“\ RE RE
Tr (9, R{) Gil

a‘r rk[q)] =

N~ N =

v

GR = (G™)* and the Regulator Rf = 0. We use frequency-independent
flat regulator to maintain the causal structure:

RE(w,q) = R{(w, @) = —Zk(K* — ¢*)0(k* — ¢°)



Damping of pseudo-Goldstone
near critical points



Symmetry breaking of chiral phase transition

Approximate symmetry

SUR)LxSU@)R ~ 0(a) 9(4) = 0B)x2 (7.0)

spontaneous breaking
mg is small but # 0
orc#0

m- pseudo-Goldstone

Symmetric phase Spontaneous symmetry

Two-flavor QCD with ~ Preaking

m. — 0 m- Goldstone bosons :
? with m; =0 bosons with 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:

1
w(p) = £csy/m3 +p? = 5 [ + (Dg + Dy) p°] + -+

Q,: relaxation/damping rate, D,: Goldstone diffusivity,

Dgq:charge diffusivity, m,: screening mass, cs:speed of sound
T=0.3T,

Universal relation for pseudo-Goldstone damping

0.989

mT;Z ~ D, + 0O (m,/T?)

fm?

= 0.987 |-

Q
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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

Neglect sigma mode in the fRG flow

equation we have:

g2 (L=
N—-1(5-n)(2-n)?

1 (1 —2n)? (13 + 151 — 27]3)
9(N —1) (2-n)?

T]t =

In the large N limit
nocl/Nmne o< 1/N and A, o< 1/N




Relaxation dynamics of critical
mode near CEP




QCD-asisted Langevin transport model

Effective action on the S-K contour

M, dq] = /d4x<2§5t)aq5toc = Zéi)aqa,-zac +2U'(0c)og — 2Zc§)t) TU?J)

Langevin equation: Lattice size: 32 x 32 x 32

. Lattice spacing : 0.1fm
Zét)ato- - Z(E)I)aga' + U/(O') = 5 S S O = 08 —— G =02

with classical noise:

(€t e, x")) = 2Z0 To(t—t')6(x—x") =

relaxation ansatz:

(5(t)) = Ae™* + (5(t))eq

[(8) = (0)eql [fn~]

Langevin simulations are performed on
the GPUs using Julia with CUDA jl and
DifferentialEquations.jl packages.
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Inputs from first principal fRG-QCD

Flow of fRG- QCD statlc properties):
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Relaxation time on the QCD phase diagram
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e Once away from the CEP the
relaxation time quickly drops
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which indicates a small critical
region around the CEP.

e The critical slowing down and
nonequilibrium fluctuations have

limited effects on the observables
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in the freezeout lines.
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Summary




Summary
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e The pseudo-Goldstone damping has a universal relation
Q“G ~D,+0O (mz/T2) in the hydrodynamic regime while breaks

down to o< m¢”, A, > 0 in the critical regime.

e The relaxatlon time quickly drops when away from the CEP and the
relaxation time is relatively small in the freeze-out line thus the effect
of critical slowing down is mild on the chemical freeze-out curve.
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