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typical isotherms in (P, v) diagram
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- Worldwide effort: find critical point

SLEE Quark-Gluon Plasma

Early
Universe Critical

Temperature (MeV)

Point?
Hadron Gas
Neutron-
o Mergérs Color
Vacuum Liquid- N?:tfearr Super-
Gas —p conductor
Transition I

~923 Baryon Chemical Potential (MeV)

Figure: A. Steidl, CRC-TR 211

Lorenz von Smekal Helsinki, 17.08.2026 SEWM 2026



JUSTUS-LIEBIG-

Strong-Interaction Matter QRS

- Worldwide effort: find critical point

 Possible signatures in heavy-ion
C il collisions: critical fluctuations
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- Worldwide effort: find critical point

 Possible signatures in heavy-ion
collisions: critical fluctuations

Stephanov, Rajagopal, Shuryak, PRD 60 (1999) 114028
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- Excess of soft pions: imprint of

chiral crossover?
Florio, Grossi, Soloviev, Teaney, PRD 104 (2021) 034025
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Order parameter: ¢

A
3 Critical point: Correlation length & diverges
>
: el - Microscopic details irrelevant
5 IR ¢ >0 .. .

Seo » Critical properties only depend on
symmetries, number of dimensions, ...
¢ <0 ~ Universality (classes)
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Universality near critical point

non-universal mapping to Ising model:

Parotto et al., PRC 101 (2020) 3, 034901
Pradeep, Sogabe, Stephanov, Yee, PRC 109 (2024) 6, 064905 Order parameter: ¢

Pradeep, Stephanov, PRD 100 (2019) 5, 056003

A
Critical point: Correlation length & diverges

“~. - Microscopic details irrelevant

Temperature [MeV]

. - Critical properties only depend on
symmetries, number of dimensions, ...
¢ <0 ~ Universality (classes)

- Here: one-component order parameter
~ universality class of Z, (Ising) model
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- Here: one-component order parameter
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For example: fm |7-‘_’/ v =0.6301(4)

Baryon chemical potential [MeV] / Pelissetto, Vicari (2002)

reduced temperature T = (T — T¢)/T¢
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non-universal mapping to Ising model:
Parotto et al., PRC 101 (2020) 3, 034901
Pradeep, Sogabe, Stephanov, Yee, PRC 109 (2024) 6, 064905 Order parameter: ¢

Pradeep, Stephanov, PRD 100 (2019) 5, 056003

A
Critical point: Correlation length & diverges
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Temperature [MeV]
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symmetries, number of dimensions, ...
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- Here: one-component order parameter
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For example: fm |7-‘_’/ v =0.6301(4)

Baryon chemical potential [MeV] / Pelissetto, Vicari (2002)

reduced temperature T = (T — T¢)/T¢

Ising model = (equilibrium) universal properties of the QCD critical point
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Dynamics near critical point

- study trans-critical protocol:
Sieke, Harhoff, Schlichting, von Smekal, NPB 1011, 116808 (2025)
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Dynamics near critical point

Temperature [MeV]

- study trans-critical protocol:
Sieke, Harhoff, Schlichting, von Smekal, NPB 1011, 116808 (2025)
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Dynamics near critical point

- study trans-critical protocol:
Sieke, Harhoff, Schlichting, von Smekal, NPB 1011, 116808 (2025)
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~ Critical mode falls out of (local) equilibrium!
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Reason:

critical slowing down
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Reason:

dynamic critical exponent
critical slowing down
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Reason:

dynamic critical exponent

critical slowing down J
&t ~ &
/" AN

correlation time correlation length

- 7 determined by dynamic universality class

 group theories by equations of motion for critical modes

- critical mode arbitrarily slow ~ hydrodynamic theory

(depends on: order parameter conserved or not, potential other
conserved quantities, etc.)
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(see Phase Transition Dynamics by Onuki)

« conserved order parameter (specific entropy)

64 -
48
32

16 4 }

0 A
64

48

32

Yy
1T <1

16 0 0

Figure from Thomas Schaefer’s talk at Quark Matter 2025
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Dynamics near Critical Point (Model H — intuitive) BERESE

(see Phase Transition Dynamics by Onuki)

« conserved order parameter (specific entropy)

* Clusters of linear extent ~ £ undergo
Brownian motion due to advection by

64 - thermal velocity fluctuations
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Dynamics near Critical Point (Model H — intuitive) BERESE

(see Phase Transition Dynamics by Onuki)

« conserved order parameter (specific entropy)

* Clusters of linear extent ~ £ undergo
Brownian motion due to advection by
thermal velocity fluctuations
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Dynamics near Critical Point (Model H — intuitive) BERESE

(see Phase Transition Dynamics by Onuki)

conserved order parameter (specific entropy)

* Clusters of linear extent ~ £ undergo
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Dynamics near Critical Point (Model H — intuitive) BERESE

(see Phase Transition Dynamics by Onuki)
« conserved order parameter (specific entropy)
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Dynamic universality class of QCD critical point TSRS
+ Order parameter ¢, momentum density j = pv F(6)
F—/dd <(1(§¢)2_|_m_2¢2+i¢4+5_2\>
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Dynamic universality class of QCD critical point TSRS
+ Order parameter ¢, momentum density j = pv F(6)
F_/ﬁ%ghﬁ@?+ﬁi¥+3¢%wf¥
= 9 2 24 20 \ / Z;O
\ / \/\/

- Langevin equations of motion
Hohenberg and Halperin, Rev. Mod. Phys. 49, 435 (1977)
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Dynamic universality class of QCD critical point TSRS
+ Order parameter ¢, momentum density j = pv F(6)
T /ddf" <(1%)2 g Aty |
= 9 2 24 20 \ / Z;O
\ / \/\/

- Langevin equations of motion
Hohenberg and Halperin, Rev. Mod. Phys. 49, 435 (1977)

diffusion noise
== 0 —g— -
ot 7V o, I 57 Vo

\ . 4
Ve

fluctuation-dissipation relation
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Dynamic universality class of QCD critical point TSRS
+ Order parameter ¢, momentum density j = pv F(6)
T /ddf" <(1%)2 g Aty |
= 9 2 24 20 \‘ ‘/ ;jo
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- Langevin equations of motion
Hohenberg and Halperin, Rev. Mod. Phys. 49, 435 (1977)

diffusion noise
o= 10— g — -
ot 7V o, I 57 Vo

fluctuation-dissipation relation
shear viscosity noise

07 L, 0F - OF - SF 2\ -
—= =T [V’ —= Iflg—Wﬁ—g(—?'V)J}
09 Jo

Lorenz von Smekal Helsinki, 17.08.2026 SEWM 2026



JUSTUS-LIEBIG-

Dynamic universality class of QCD critical point TSRS
+ Order parameter ¢, momentum density j = pv F(6)
T /ddf" <(1(%)2 g Aty |
= 9 2 24 20 \‘ ‘/ ;jo
\ / \/\/

- Langevin equations of motion
Hohenberg and Halperin, Rev. Mod. Phys. 49, 435 (1977)
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- Langevin equations of motion
Hohenberg and Halperin, Rev. Mod. Phys. 49, 435 (1977)
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- Langevin equations of motion
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« Order parameter ¢, momentum density 5 = pu F (o)
F— dd - 2 2 a4 S T<
/ x<2(V¢)+2¢+24¢‘|‘2p> \ /¢O
\ ’ \/\/

- Langevin equations of motion
Hohenberg and Halperin, Rev. Mod. Phys. 49, 435 (1977)

diffusion noise advection
g 0 —g— -
ot 7V o, g 09 Ve

fluctuation-dissipation relation Son and Stephanoy,

. . | reversibility | PRD 70, 056001 (2004)

shear viscosity noise  of advection convection D _—
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Liquid-gas critical point in pure fluid
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Scaling Functions

- Benchmark: Magnetic EoS (3d Ising)
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- Benchmark: Magnetic EoS (3d Ising)
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Scaling Functions
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- Magnetic scaling of heat diffusion D, = g
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- Magnetic scaling of heat diffusion D, = —
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0.014 5 | - |
H=1><1O'6 +
H=5x10" X
0.012 . E=1X]8'§ -
o =5Hx - O
001 v Padé fit
) 3 Kawasaki
S 0.008 < 3
5 o
DG 0.006 S o
-C.
0.004 %
aly
0.002
O | | O | | | | |
-0.001 -0.0005 0 0.0005 0.001 -15 -10 -5 0 5 10 15
T=(T-T)/Tg z = Th™1/Bd

Dy (T, H) oc h=(*=2)/Bd £, (+ B, =1/P9)

» Critical Viscosity of Xenon (CVX) experiment: =z, = 0.0690(6)

Berg et al., Phys. Rev. E 60 (1999) 4079 — Discovery
Berg et al., Phys. Rev. E 77 (2008) 041116 — Columbia
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- Magnetic scaling of shear viscosity

1.4

1.35 .

1.3

n(t,h,0)

1.25

H=1x10"° —+—
H=5x100 —— -
H=1x10% ——
H=6x10"" —8—

1.2 B

1.15 '
-0.001 -0.0005 0 0.0005 0.001

T=(T-T )T,
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Dynamic Scaling Functions

- Magnetic scaling of shear viscosity
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1.4
1.04 -
1.35 n 1.02
><C
>o 1
s 13 / = ©
= 74/ = 0.98
o
< 1.25 7 _C: 0.96 H=1 x10-5 +
) H=5x10% x
g H=1x10"% —— = 0.94 H=1x106 » -
1.2 H=5x10C —<— 1] H=5x107 O
H=1 )(10-6 e 0.92 + Padé fit ]
H=5x10"7 —&— Kawasaki
1.15 ! | 0.9 | | | | |
-0.001 -0.0005 0 0.0005 0.001 -15 -10 -5 0 5 10
T=(T-Te)/Te z = th'1/Pd

(T, H) h"’"’n/ﬁfsfn(fh_l/ﬁ‘s)
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- Magnetic scaling of shear viscosity

z, ~ 0.05
1.4
1.04 :
1.35 . 1.02
><C
>o 1
s 13 / = =
) 4/ = 0.98 |
E =
= 1.25 7 _2: 0.96 H=1 x10-5 +
E H=5x10% x
g H=1x10"% —— = 0.94 H=1x106 » -
1.2 H=5x10C —<— 1] H=5x107 O
H=1 )(10-6 e 0.92 Padé fit ]
H=5x10"" —&— Kawasaki
1.15 ! | 0.9 | | | | |
-0.001 -0.0005 0 0.0005 0.001 -15 -10 -5 0 5 10 15
T=(T-Te)/Te z = th'1/Pd

(T, H) h"’"’n/ﬁfsfn(fh_l/ﬁ‘s)

Roth, Ye, Schlichting, von Smekal, arXiv:2603.17874 (2026)
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Heat Diffusion: Experimental Data TSRS

- Dynamic scaling (wavenumber dependent):

Dy(7,p) = GQMT(Cf) ™ (p&(T))
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- Dynamic scaling (wavenumber dependent):
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Heat Diffusion: Experimental Data TSRS

- Dynamic scaling (wavenumber dependent):

S 3 methylpentaneniroethane | 67n(7)
100 ¢ isobutyric acid-water .
- ¢ aniline-cyclohexane PN 2
.+ 2,6 lutidine-water s p:;O RE g1
= SFs(po) o &
A CO, (coex. curve) %@ ] 77§
A COo(pe) @
O  Xe (coex. curve) i u
® Xe(pc) "

" f
Nt
'Igﬁ
O A

+A+

L

' (x) = 6117 D (T,0,p)/(p g2 To)

10 1 0.1 0.01
X = P&

- Experimental data for I'*(z)
Swinney, Henry, Phys. Rev. A 8 (1973) 2586

Lorenz von Smekal Helsinki, 17.08.2026 SEWM 2026



JUSTUS-LIEBIG-

Heat Diffusion: Experimental Data Ve

- Dynamic scaling (wavenumber dependent):

" FRG 1~ & (scale-dependent mimimum) - 67n(7)
100 - FRG t — 0 (IR minimum) 4
- —— FRG 1 — 0" (scale-dependent minimum) PP 2T
~ - - -- FRG T — 0* (IR minimum) o ] p—0 RE 9 1lc
[ 3 methylpentane-nitroethane ] —
isobutyric acid-water
aniline-cyclohexane g
2,6 lutidine-water Ny 4
SFg (Pc) . }97 . AT *
0O (coex. ourve) Sexl |+ real-time FRG: different I'*(x) for
2 (Pc S 2% ) e . . .
Xe {ooex. curve) g - 5 ] critical isochore/coexistence line
€ (Pc . , WA i
Y »S o 1 Roth, Ye, Schlichting, von Smekal, arXiv:2603.17874

6m N Dy(T,0,p)/(p g% To)
=
T
[ NON N BECEROIR IRY

X) =
\

[ (x)
1
1
1
1
1
1
O
O
“‘“
QX
b
+

10 1 0.1 0.01

- Experimental data for I'*(z)
Swinney, Henry, Phys. Rev. A 8 (1973) 2586
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Heat Diffusion: Experimental Data Ve

- Dynamic scaling (wavenumber dependent):

IKlawlasak||HHH o S 1 67”7(7-)
100 £ — FRG 1 — 0 (scale-dependent minimum) o

- - ---FRG Tt — 0 (IR minimum) P 2T
o [ —— FRG 1 — 07 (scale-dependent minimum) , ‘4 ] p—0 R:I: g 1c
F - - - -- FRG T = 0* (IR minimum) R4 V4 —
o v 3 methylpentane-nitroethane _e 2 3‘ A 77§
2 ¢ isobutyric acid-water v 4
> & aniline-cyclohexane 4 y .
=) + 2,6 lutidine-water s : :
S ot0p % Shied ) S | < real-time FRG: different I'*(x) for

- > (coex. curve ~82 ] . _ _ _
% 0 0P e ki - 28 ; critical isochore/coexistence line

[ e (coex. curve) Bt A ]
- e Xe(py) > 3'3 | Roth, Ye, Schlichting, von Smekal, arXiv:2603.17874
I
- oA 7o) Yeal ".‘,;::’;// 2

1 m O OFOY ~ — . . .
- Kawasaki approximation:
L ! ! Ly v v ! ! Ly v v vy ! !
10 1 0.1 0.01 . 3 1
X = pE [ (x) = 4$3(1+x + (x° —x” ") arctan x)
- Experimental data for I'* () Rt
Swinney, Henry, Phys. Rev. A 8 (1973) 2586 O

Kawasaki, Ann. Phys. 61 (1970) 1
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Universal critical dynamics neatr:
1. QCD critical point

Roth, Ye, Schlichting, von Smekal, Phys. Rev. D 111 (2025) L111901; arXiv:2603.17874

heat diffusion shear viscosity

0.1 1.4

e

e

7 oSS~ —— 1.3
77/ 98 <===

0.01 . Y .\‘

1.2

0.001 1.1
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Summary and More VERESE

Universal critical dynamics neatr:
1. QCD critical point

Roth, Ye, Schlichting, von Smekal, Phys. Rev. D 111 (2025) L111901; arXiv:2603.17874

heat diffusion shear viscosity

0.1 1.4

1.3

0.01
1.2

0.001 11

2. chiral phase transition
Roth, Ye, Schlichting, von Smekal, JHEP 01 (2025) 118

reversible mode couplings < Larmor precession

O(4) Heisenberg antiferromagnet
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3. tricritical dynamics in QCD
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Temperature (K)
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4. Stochastic hydrodynamics simulations

for dynamics near the QCD critical point
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What | did not talk about: J”CS;I'N;'SVELEELE}TAT
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normal fluid 3He/4He

Connect the two: A

—_
(63}
T

Fermi liquid 3He
| in superfluid “He

3. tricritical dynamics in QCD

and 3He-4He mixtures ~
Pradeep, Roth, von Smekal, arXiv:2608.11065

Temperature (K)
o

o
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T

coexistence region

“—— phase separation

o

i i i
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>

_ _ . _ Poster 66: Johannes Roth
4. Stochastic hydrodynamics simulations

for dynamics near the QCD critical point
Poster 81: Mattis Harhoff

5. Non-equilibrium phase transitions and finite-time scaling
Kibble-Zurek in transcritical guenches:
Sieke, Harhoff, Schlichting, von Smekal, NPB 1011 (2025) 116808

non-equilibrium scaling across first-order transitions:
Sieke, Fuchs, von Smekal, NPB 1029 (2026) 117585 Poster 59: Leon Sieke
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Mattis Harhoff

Non-Relativistic Stochastic Hydrodynamics

Hydrodynamics as an effective field theory

Mattis Harhoff, Cedric Riedel, Johannes Roth,
Séren Schlichting, Lorenz von Smekal

Thermal fluctuations

+ Hydrodynamics is an effective field theory on large
length and time scales [1

Macroscopic Fluid cells Microscopic

= Separation of scales
Microscopic theory (e.g. QFT) has conservation laws
(energy, momentum, etc)
9I™() =0,  9j"x) =0
~~ Slow variables, since relaxation happens via transport
+ Coarse-grain by "integrating out” fast modes
Postulate: On large scales, system locally behaves as
thermal ensemble with parameters T'(z), u(z). u(x)
D) (T (T(), ulw), plx))
= Conservation laws contain two types of hydrodynamic
fluxes

« "Ideal fluxes advect the fluid without producing
entropy. pure equilibrium contribution

-+ Dissipative fluxes couple to gradients of
thermodynamic quantities, produce entropy, relax the
fluid to equilibrium

* Classical hydrodynamics neglects thermal fluctuations
= All correlations beyond (T} lost

+ Fluctuations needed for thermodynamic consistency
(fluctuation-dissipation relations)

+ Non-linear interactions of fluctuations drastically
change behavior of fluid (renormalization, long time
tails, etc) [1, 2]

Single realization: Hydro + thermal fluctuations
olt,x) = ((t.2) + Aolt,x)
ST
256,501
* Fluctuations are especially relevant to small systems and
phase transitions

1

gl = )] + 2 ST g, a0 +

* Include stochastic fluxes into hydrodynamic e.0.m

+ Conserved quantities stay conserved

+ Formal derivation from microscopic QFT possible on
Keldysh contour [1]

Fluctuations

* Equations of motion
1

O, = 04 T+ uv"% + &lta)
S oo, P
* Fluctuation-dissipation relation
(&t 2)E(H' ")) = =2Tn 6,V (x — 2')8(t — ')

- Guarantees that system relaxes to correct equilibrium
state via dissipation

Challenges

Incompr. hy ics with
thermal fluctuations

+ Conserved non-relativistic momentum density
+ Constant density p
= Incompressibility V - 7 = 0

* Coupling to heat bath of temperature T = 1/3
+ Boltzmann distribution for configurations

()

= Thermal fluctuations around equilibrium state

PeqlF] o exp f/

* Analytically
= Theory is not well-defined.
correlation functions have UV
divergences
= Regularization needed

2O

* Numerically
+ Finite difference operators act on noisy configurations
(lattice spacing acts as effective UV cutoff)
+ Bad performance of numerical PDE solvers
+ Numerical violation of additional conservation laws

Regulator formalism

+ Idea: Introduce regulator analytically, decouple from
lattice regulator
* Write incompressible model in more general form

o [ re O i

At :»:/vr(: r=r Dissipation
@), 7

+/‘7h (@), 77 ’”),w 77 Advection

+& Fluctuations

+ Reversible term: Properties of Poisson bracket [3]
encodes symmetries like conservation of energy
~ equilibrium distribution conserved

(), i)} = [Ty, — 7al7)0,] 6(F = )
+ Relaxation via diffusion, coupled to gradient
+ Noise fixed via fluctuation-dissipation relation
* Regulator can be introduced in two places
« Hamiltonian

= /41“. =

~ New equilibrium distribution o e~
+ Dissipative operator
#

i) = ndl@ — §)VE

Option 1: Modify Hamiltonian

* High energy suppresses configurations exponentially in
o
= i
&% ik +R(%
n? %
Regulator R(z) ~ 0 for z < 1 and R(x) — oo for z — 00
= Does not cure UV divergences, but derivatives act on
smooth’ fields
* Define effective fluid velocity field 7(7)
« Reversible term changes, conserves new Hy

O, =~y

Hy=

* Dissipation acts on effective velocity
Al = V200
* Fluctuation-Dissipation theorem unchanged
* Discretization on lattice
+ Split-step scheme, perform reversible and
stochastic/dissipative steps successively
+ Reversible term conserves energy explicitly when
using central derivative operators
« Fluctuation-dissipation dynamics via exact integrator

Configurations become smooth
ii(%)], no regulator

1%, regulator, Aa=1
30

UV modes suppressed by factor 1/(1+ R)

Occupation with/without regulator

o6 E oot
B Requmar na- 1

Option 2: Modify Dissipation

* Suppress UV modes via stronger dissipation

- (k) = [1+ S(k)y

+ Effectively higher order gradients as dissipative terms

= New p(k) enters in dissipative term and
fluctuation-dissipation theorem

« Theory becomes UV finite

= Can compare e.g. shear correlators to perturbation
theory

H
e st o
By v
“¥o2
0 ot
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Introduction

Review dynamic universality class of chiral phase
transition at pup =

Son, PRL 84, 3771 2000): Son, Stephanov, PRD 66, 076011 2002)
> Order parameter: chiral condensate
@ = {dians) SU) x SU2)
> Below T = \/pe'?”
> Spatially constant # simply describes different vacuum
- does not dissipate In time ~ slow, enters hydrodynamics
» Relevant conserved quantities
Is0-(axial-vector charges

A = (309°1°na) 7 "7id)

> and 4, parity-odd & iso-vectors
~ mix in linearized hydrodynamic equations
> Find propagating modes w(p) = up with
V=T
”

plon decay constant Iso-aniabve

vge susceptvity
> Static critical scaling:

Frg i finite

> Gharacteristic frequency of critical modes: w ~ v ! ~ € /%

— z=dp2

as in Model G (Heisenberg antiferromagnet)
[Halperin, Hohenberg, RMP 49, 435 (1977)

> Specific heat is expected to have cusp (a = ~0.213(12) < 0
in O(4)), analogous to O(2) lambda transition in *He:

& umonrs

e T

[HoIQCD, PRD 90, 094503 (2014) Lpa ot al, PAB 68, 174518 2003)

Figure: (Left) Temperature derivative of trace anomaly (same
singular behavior as C, but regular terms more suppressed).
(Right) Characteristic lambda-like shape of specific heat near
lambda transition of “He.

Tricritical point
» " theory ~ mean-field exponents in 3d

In particular, specific-heat exponent: a;
~ Specific heat (at constant pressure) diverges

/230

Cp=Tnp 28, ~ gonin

T’
~ Effect on dynamic universality class?

> Linearized hydrodynamic equation for entropy per baryon, after
pressure has equilbrated through sound waves:

heat conductiiy
s

D5 oy
o et 7T

> Thermal diffusivity D = t/Cy

» How does heat conductivity 1 behave near tricritical point?

¥ e

Les——

o concsston )

o Hep BB

adapted o
Ding et ol PRD 100, 114516 (2024 Wkipedia contribators, Heum Phase Dsgra,
2014, see F. Pobel, Mater and methods a low
fomperaures, 3 . Spinger Brin, 2007
Figure: (Left) Conjectured phase diagram of QCD in two-
flavor chiral limit. (Right) Phase diagram of liquid SHe-tHe
mixtures at saturated vapor pressure.

Model
+ Consider 0(4) order parameter ¢ coupled to eneray-lie density =

Landau-Ginzburg-Wilson (LGW) functional of the form
[Fuf, Ontan, PRD 70, 014016 20041

a 1 2 m? 202 K s

Pe [t Lo+ T+ e e
g )

i ni; = euVe

> O(4) symmetry forbids linear mixing of ¢ and =

» Dynamic universality class: Conservation laws, Poisson brackets

charges are generators of O(1)
Correspondence principle: Poisson brackets from microscopic:
commutators

{Bar e} = Bact = St

{1t et} = ochtd + Buatta = daaihe = Buetiaa

» Equations of motion:

oF
Honmd g+
g 0F KL S
¥ 7o +otnas, 6o + Gl "”‘)m + o

> Generalize to O(N): Call Model SS8'
[Sisvar Schwab, Széplalusy, Physica AB1, 108 (1975)]
[Folk. Moser, . Phys. 439, 207 (2008)]

» N = 2: Model F' for tricitical point in 3He-tHe mixtures

(Sggia. Neson, PRE 16, 1427 (1977]
[Fok, Moser . Low, Temp. Phys. 160, 689 2008

Real-time functional
renormalization group (rFRG)

> Equations of motion are of the form

[ o
o i+ 9l u)f 0.
{Ya v} = fabete
+ Gorelation functions from generating functional
1= [[pepi s
with
.01 [ (22 o g i 2
Sy, /[ l.((h + g~ ol ;.)‘M)

> Introduce infrared (IR) regulator 72" (7) to LGW functional

Fivl = Flil + 3 [ vkt

L

- Slo,

i+ S0, 9] ik,

Asyfud -

N =
- / aab — 0fabetie) RN 3 -
E
i by . s
+ Gonnected correlation functions:

Wilj.j] = ~iln 23,

+ 1-particle irreducible (1P) correlation functions:

Wli 3] - ASu[v, ¥ //uw. /J.V,n

T

» Flow equation:
4R, Ye, Schiching, von Smekal, JHEP 01 2025) 18]

&

> Truncation: Promote coupling constants to depend on &
> Find: kyu = 0 (exact)

Results for critical dynamics
» FRG scale k puts limit on correlation length: & ~ 1/k

> Characteristic frequencies at critical wavenumber p ~
W~ =Pk wnp o~ —ink? X we ~ —ipk? Cp
Cop~ K pfinite = wop e K RS

similar o Mode H:
» 4, and n, introduce dimensionless couplings

B ke
I Y
+ FRG flow diagram:
¥ =1(QcD) N = 2 (He-"He mixtures)
. 1
o8 08
<o 0s
s strong scaling weak scaling? No!
< 04 o 04
0 02
R T P R Y S TR T
it ow) ity
Figure: FRG flow in compactified (w.,{) plane in 3d at Gaussian
fixed point for N = 4 (left) and N = 2 (right).
d
» Reason:
.
3He-*He aco
N J \
\ "
] (weak) (strong)
wdnm \ memedn
o he Zo e 2 40

Take-home message

» Dynamics near QCD tricritical point similar to the one of 2He-‘He
> Further exploration of corresponding analogles might be
insightful, e.g., for the ongoing search of the QGD critical point

arXiv:2608.11065
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Non-equilibrium phase transitions near
the QCD critical point

GIESSEN

1. Motivation

Leon J. Sieke!  Lorenz von Smekal'?  Séren Schlichting?

ische Physik, Justus-Li
n fiir FAIR (HFHF)

Universitat GieBen

SFakultat fiir Physik, Universitat Bi

2. Model

Global effort: Identify signatures of QCD critical point in heavy-ion collisions.

“The Phases of QCD

= Correlation length diverges
E~IT=TI", ve06.
* 3D Ising universality class determines
equilibrium behavior near critical point

QuerkGiuon i

fR——

* Relaxation time diverges

b ~ €, 2R3

"

= Model H dynamic universality class,
describes QCD critical dynamics.

Baryon Chorical Pt

A Badak et o, Phys. Rept. 85

147111
Finite time-scale of heavy-ion collisions ~ 7-10 f/c limits growth of correlation length.

~+ Goal: Understand non-equilibrium effects and critical finite-time dynamics.

3. Finite-time scaling

Numerical 3D lattice results for real-time observables:

Order parameter M

Equibriun,

7 J

Non-equilibrium effects

= Delayed transition J, ~ R/ = Suppressed fluctuations xmax ~ R~

Universal finite-time scaling functions:
X R) = xa R,

M(J, R) = My R fuy (J/ R¥P™e) (677:00)
LG 2L 2

Order parameter. Susceptibilty

i
Lo wizn wian
' /R
s urosis .
" o
M= 3 3
» W' 2 i
e han
o o1
B o R
5. Outlook
Non-universal map from 3D Ising model to QCD:
- =

= w(rpsinay + Jsing

wirpeosar + J cosay).

Compare reslts at fixed quench rate with equilibrium critical behavior for two parameter sets:

@ =3 3 } =17,
=t w=1 =

Susceptbilty Susceptibilty

—+ Observables at freeze-out may be sensitive to transition delay due to finite-time dynamics.

Thank you for your attention!

Lorenz von Smekal
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Landau-Ginzburg Wikson effective Hamiltonian for 2 scaar order-parameter fild ot.2):

P

Dissipative Langevin dynamics:

5o +00

3D Ising universality

+¢ ModelA (z2)

< Random noise field ¢ constrained by fluctuation-dissipation refation:

(Gl B, 2)) = 29Tt — V)i

Linear trans-critical quench protocol (2]
J(t)=J+Rt, T=T.

Phase diagram and quench trajectory

7

=0

4. First-order phase transi

Snapshots of the order-parameter field (1, #) in
trans-critical quenches in 2D for different rates B

Linear sub-critical quench protocol 3]

J{t)=Ji+Rt, T<T.
St o

o

« Temperature and rate dependence of
the transition delay:

* Rapid quenches suppress fluctuations:
M) — (M) < (M)
YLy

"
<+ Mean-field scaling behavior J, ~ RV

Order parameter

* Rate dependent mean-field exponents:

Snapshots of the order-parameter field ¢(t, ) in
sub-critical quenches in 2D for different rates .

* Near critical point, two-parameter
universal scaling function:

M(r,J, R) = My R*"" fyq(n, J)

= =r/RI Jp= IR

Order parameter

e

2,
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