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We study the phase structure, thermodynamics and transport properties of strongly interacting matter. In order to access the

notoriously difficult regimes of QCD, finite density and real time, we develop first-principles functional approaches with a focus

on the functional renormalisation group and Dyson-Schwinger equations.
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Phase structure and dynamics of QCD at high densities

" Critical end point and new phases: where do we stand?

= Strong correlations above the chiral crossover

" Ripples of the critical and point and new phases

*QCD moat and inhomogeneous phases



Critical end point and new phases: where do we stand?
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Experimental & Theoretical Landscape

Experimental landscape

Theoretical landscape
Onset of new phases on the chiral transition line (CEP)
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Functional & Lattice QCD
—] 08 = T T | I B B | E 180 i — : | — |
N = H . llisi = ® 1B ' % B _ g
= CBM@FAIR SIS100 eavy 1on CONlISIoONS = 160 L& @ /7 _
=t V---- -k A BV = bl o
_Iq_,) 10 = §  J-PARCHI = :
© . _ 140 _
10°E = =
- = o $=FELCHIARY =
'..C:) C 3 DICENASO+@SPS . 120 .
Q10°E* men 1 B ALICE3@LHC «ssssn--- > T — -
© = LAVPS ¢ O——0O ALICE@LHC ——— = > 100 - this work, ngs =0 _ _
GLJ C @lRAe SPHENIX@RHIC | D FRG: this work, us =0 £
P 1 O4 L HADES@GSI VMPD@NICA —-_— | 2 FRG: moat regime, ng=0 @
E = JHHIO = — 80 I FRG: moat regime, pg=0 5 N
B 0 22t 2 _ &l —====: FRG: Pawlowski et al. 2025, ug=0 © ® @ )}
3 — | [E—— : — _
10 = STAR FXT T STAR@RHIC = 00 FRG: Fu et al. 2019, us=0
— @SPS o —-=—:= DSE: Gunkel et al. 2021, u,=0 I n S'I?AR
: =2 P | M DSE: Gao et al. 2020 ;5=0 reezeout:
1 02 | F o __| 40 | a0 cta S <] freezeout: Alba et al.
= d 2 3 m moat, Pawlowski et al. 2025, pug=0 &  freezeout: Andronic et al
E % ] 20 | Inhqm.  Pawlowski et al. 2025, jig=0 >  freezeout: Becattini et al. |
10 = 2 | EEEEA Lattice: WB, ng =0 @  freezeout: Vovchenko et al.
= | | e e | | N | = ‘ Lattice: HotQCD ng=0,ng/np=0.4 o freezeout: Sagun et al.
1 > 3 4567 10 20 30 100 200 0 - - - -

Collision energy s\, [GeV]

Peak of kurtosis on the freeze-out line

Galatyuk, A982 (2019) update 2025; CBM, EPJA 53 3 (2017) 60

0 200 400 600 800 1000
pp [MeV]|

Fu, Huang, JMP, Rennecke, Wen, Yin, arxiv:2603.13455



CID |

180 | | | / [
7 ) UB 1225; ,LL_B 2
».. T 7/
160 E2
140
120 |
“this work, nS;O
100 FRG: this work, pus=0 & \
FRG: moat regime, ng=0 - N,
80 i FRG: moat regime, ug=0 &
—===: FRG: Pawlowski et al. 2025, us=0 -
00 H=—— FRG: Fuetal. 2019, ys=0 @ *
—.=—:= DSE: Gunkel et al. 2021, x4, =0 a
40 | ECERLEELEY DSE: Gao et al. 2020 ug=0 5 freezeout: STAR
. <] freezeout: Alba et al.
m moat, Pawlowski et al. 2025, yi5=0 QO freezeout: Andronic et al.
20 | Inhom. , Pawlowski et al. 2025, us=0] K freezeout: Becattini et al. |
T Lattice: WB, ng=0 &  freezeout: Vovchenko et al.
ol Lattice: HotQCD ng=0,ng/np=0.4 &  freezeout: Sagun et al.
200 400 600 3800
UB [MGV]

Critical end point and new phases: where do we stand?

Quantitative functional QCD
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Modified from Fabian Rennecke’s

QCD PHASE DIAGRAM & THE CEP plenary talk @ QM 2025
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FRG & DSE results‘corroborated by subsequent "extrapolations” of lattice data

using Yang-Lee edge singularities:
O conformal Padé [Basar, 2312.06952]

N, = 6, 8 results + continuum estimate
[Schmidt, 2504.00629]

very recent lattice extrapolation (1623 x 8)
[Adam et al, 2507.13254]

using thermodynamics:
% constant entropy density [Shah et al. 2410.16206]

[Shah et al. 2601.08823]

not computed

potentially large
systematic error

— == FRG: Fu, Pawlowski, Rennecke (2019) . . .
DSE: Gao, Pawlowski (2020) model-based extrapolation (tiny selection):

DSE: Gunkel, Fischer (2021) B holography [Hippert et al., 2309.00579]
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FRG: moat regime (sigma) (agrees with [Cai et al., 2201.02004])
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CEP location well constrained

by now. And it's in FAIR range!
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‘There are two ways of doing calculations in theoretical physics.
One way is to have a clear physical picture of the process that you are calculating.“.
The other way is to have a precise and self-consistent mathematical formalism.

... You have neither
Fermi to Dyson
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' ‘With four parameters I can fit an elephant,
and with five | can make him wiggle his trunk’

Von Neumann
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@ Direct computations and the minimal point of view

* Self-consistent truncations to functional relations define analytic functions in 15, eg:

% well, | have others  _/
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/”Unique: QCD-based analytic continuations\
' that satisfy the lattice benchmarks ¢
at small chemical potential. )
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and if you don’t like them....

@ Direct computations and the minimal point of view

* Self-consistent truncations to functional relations define analytic functions in 15, eg:

% well, | have others  _/

o(a()a(y) )(1p) = Loop [{a(2)a(w) )(u), (a(2)4u(0)a(2) ) (i) -5 g

i )

/”Unique: QCD-based analytic continuations\
' that satisfy the lattice benchmarks ¢
at small chemical potential. )

By definition, LEFTs (including extrapolations) cannot assess

the existence or absence of emergent phenomenal!



Strong correlations above the chiral crossover
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Strongly correlated physics

Strongly correlated phase for temperatures 17, ST S 27T,
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Functional confinement & the dynamical gluonic background

FRG: Braun, Gies, JMP, PLB 684 (2010) 262
FRG, DSE, 2PI: Fister, JMP, PRD 88 (2013) 045010
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Functional confinement & the dynamical gluonic background

Yang-Mills vs two-flavour glue potential glue hadronic
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Functional confinement & the dynamical gluonic background
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Direct applications to the QCD phase structure
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Thermal susceptibility
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Strongly correlated physics

‘Confinement’ related ‘crossovers’ at 7}, S Teont S 27
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Strongly correlated physics

‘Confinement’ related ‘crossovers’ at 7}, S Teont S 27
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Strongly correlated physics
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Strongly correlated physics

Precondensation in chiral QCD
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Y/ & functional QCD
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Ripples of the CEP
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(Strong) signals of the ONP
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QCD-assisted low energy effective theory
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fixing tne subensemble volume

Ripples of the critical point at chemical freeze-out

Canonical corrections via subensemble acceptance
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Ripples of the critical point at chemical freeze-out

Canonical corrections via subensemble acceptance
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Ripples of the critical poi
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Ripples of the critical point at chemical freeze-out
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Unfolding strongly correlated QCD with heavy ion collisions (extreme QCD)
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The QCD moat and inhomogeneous phases
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The QCD Moat reloaded
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Pion propagator

The QCD Moat reloaded
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Experimental signatures for the onset of new phases
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" Predictions: T
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* Ripples of new phases aka of the critical end point

Summary

» Soft modes are commonplace, critical regimes are small

* Functional QCD provides direct 15t principle results for the phase structure at finite density

* Explanation for the convergence of CEP locations of extrapolation approaches
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* Results & observables: EoS, fluctuations of conserved charges, tiny critical regime & onset of new phases; moat regime, ....

* Peak height of kurtosis carries the location of the CEP
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peak height of R
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Summary

* Functional freeze out & towards real time dynamics

1 80 | Extracted freeze out from: 0f / 1 fm/
Yr BES- % BES-I [ |fitted freeze-out bound T~0Uim/c T~1im/c
Freeze out from particle yields:
7 ) Sagunetal. @ Andronic et al. Andronic fit
1 60 - 54.4 Chiral crossovers:
== Thiswork ~ cceee fRG, Fu et al.
——-DSE Gaoetal — - -DSE, Gunkel et al. Lorentz-contracted Lumpy initial
1 nuclei collide energy density
140 -
> : 3
GJ o ‘A Y
S {1 Pre-equilibrium
_.1 20 . fluctuations
= ! -
1o
1=
Multiple scattering,
100 equilibration
1o
13 3.8
80 N ] L . L L
1 150 200 250 300 350 400 3.3
T T T T T T T T T T T T
0 200 400 600 800

ug [MeV]

* First steps in the QCD moat and inhomogeneous phases
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