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UNDERSTANDING MATTER IN EXTREME CONDITIONS

universe before the formation of the CMB 
( , ) is invisible to us; 

nucleons formed during this time
t ≲ 3 × 105 y T ≳ 1 eV

study hot matter to understand 
formation of nuclear matter



UNDERSTANDING MATTER IN EXTREME CONDITIONS

neutron stars can reach densities of several times the 
nuclear saturation density ( , )n ≈ 5n0 μB ≈ 1.5 GeV

[ChatGPT/DALL-E]

study dense matter to understand 
neutron stars & their mergers



• innocent looking, but still not understood to a large extent

• key feature: asymptotic freedom

QCD 

[PDG 2019]

36 9. Quantum Chromodynamics

world average, we first combine six pre-averages, excluding the lattice result, using a ‰
2 averaging

method. This gives
–s(M2

Z) = 0.1176 ± 0.0011 , (without lattice) . (9.24)

This result is fully compatible with the lattice pre-average Eq. (9.23) and has a comparable error.
In order to be conservative, we combine these two numbers using an unweighted average and take
as an uncertainty the average between these two uncertainties. This gives our final world average
value

–s(M2
Z) = 0.1179 ± 0.0010 . (9.25)
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Figure 9.5: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

This world average value is in very good agreement with the last version of this Review, which
was –s(M2

Z
) = 0.1181 ± 0.0011, with only a slightly lower central value and decreased overall

6th December, 2019 11:50am
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QCD PHASE DIAGRAM

THE PHASES OF QCD
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QCD PHASE DIAGRAM
Possibly many phases...
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QCD PHASE DIAGRAM

theoretical challenges:

• strong coupling: non-
perturbative

• sign problem at finite density: 
lattice QCD of limited use

• different degrees of freedom 
in different phases: EFTs of 
limited use

FRG

?
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outline

• scale evolution of QCD

• moats in QCD

• moat phenomenology
this talk



(RG) SCALE EVOLUTION OF QCD



k integrate-out fluctuations from UV to IR

SCALE EVOLUTION OF QCD



k

• initial action: gauge fixed QCD at weak coupling               

•  relevant quark flavors with approx. chiral symmetry:Nf = 3

SU(3)L × SU(3)R × U(1)V × ℤA
3

axial anomaly

• asymptotic freedom: fluctuations 
increase strong coupling

[PDG 2019]
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Λ ≫ 1 GeV

SCALE EVOLUTION OF QCD

strong correlations
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• gluon mass gap is generated: confinement

[Gholami, Mire, FR, Schaefer, Yin, 2606.23772]

Λ ≫ 1 GeV

SCALE EVOLUTION OF QCD



CONFINEMENT IN PRACTICE

p [GeV]0.01 0.1 1 10inverse 
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 functio
n Z̄
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k𝜒SB kgap
A (p2)− 2𝜅
c (p2)𝜅

• regulator breaks gauge invariance

GA(p) p→0 1
(p2)1−2κ

Gc(p) p→0 1
(p2)1+κ

• flow  related to modified Slavnov-Taylor identity∂t mgap,k

ΔSk ∼ ∫q
A(q)Rk(q)A(−q) introduce "counter term" ∼ m2

gap,kA2

• bootstrap: get  from gluon 2pt function and tune 
UV value so system runs into confining IR scaling solution 

∂t mgap,k

[Gholami, Mire, FR, Schaefer, Yin, 2606.23772]

[Kugo, Ojima, PTP Suppl. (1979)]
[von Smekal, Hauck,  Alkofer, PRL 79 (1997)]
[Fischer, Maas, Pawlowski, Ann. Phys. 324 (2009)]
[Cyrol et al., PRD 94 (2016)]
[Goertz, Pastor-Gutierrez, Pawlowski, PRD 112 (2024)]

[Ellwanger, PLB 335 (1994)]

mass gap for κ > 1/2

κ ≈ 0.64

more details: talk by
Ugo Mire 
Wed. 15:00



• running controlled by IR-attractive fixed point for small g

JHEP06(2006)024

λi

∂tλi g = 0

g ! 0

g > gcr

T > 0, g = 0

Figure 5: Sketch of a typical β function for the fermionic self-interactions λi: at zero gauge
coupling, g = 0 (upper solid curve), the Gaußian fixed point λi = 0 is IR attractive. For small
g ! 0 (middle/blue solid curve), the fixed-point positions are shifted on the order of g4. For
gauge couplings larger than the critical coupling g > gcr (lower/green solid curve), no fixed points
remain and the self-interactions quickly grow large, signaling χSB. For increasing temperature, the
parabolas become broader and higher, owing to thermal fermion masses; this is indicated by the
dashed/red line.

ing larger than the regulator scale k, these functions approach zero, which reflects the

decoupling of massive modes from the flow.

Within this set of degrees of freedom, a simple picture for the chiral dynamics arises: for

vanishing gauge coupling, the flow is solved by vanishing λi’s, which defines the Gaußian

fixed point. This fixed point is IR attractive, implying that these self-interactions are

RG irrelevant for sufficiently small bare couplings, as they should be. At weak gauge

coupling, the RG flow generates quark self-interactions of order λ ∼ g4, as expected for

a perturbative 1PI scattering amplitude. The back-reaction of these self-interactions on

the total RG flow is negligible at weak coupling. If the gauge coupling in the IR remains

smaller than a critical value g < gcr, the self-interactions remain bounded, approaching

fixed points in the IR. These fixed points can simply be viewed as order-g4 shifted versions

of the Gaußian fixed point, being modified by the gauge dynamics. At these fixed points,

the fermionic subsystem remains in the chirally invariant phase which is indeed realized at

high temperature.

If the gauge coupling increases beyond the critical coupling g > gcr, the above-

mentioned IR fixed points are destabilized and the quark self-interactions become critical.

This can be visualized by the fact that ∂tλi as a function of λi is an everted parabola;

see figure 5; for g = gcr, the parabola is pushed below the λi axis, such that the (shifted)

Gaußian fixed point annihilates with the second zero of the parabola. In this case, the

gauge-fluctuation-induced λ̄’s have become strong enough to contribute as relevant opera-

tors to the RG flow. These couplings now increase rapidly, approaching a divergence at a

finite scale k = kχSB. In fact, this seeming Landau-pole behavior indicates χSB and, more

specifically, the formation of chiral condensates. This is because the λ̄’s are proportional

dimensions which were shown to influence the quantitative results for the present system only on the

percent level, if at all [50].

– 17 –

[Gies, Wetterich, PRD 96 (2003), Braun Gies, PLB 645 (2007)]

⇠ ↵2
s,k �T,k(q̄ T q)2

SCALE EVOLUTION OF QCD

kgap ≈ 1 GeV

Λ ≫ 1 GeV • effective four-quark interactions are generated



kχSB ≈ 0.5 GeV
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Figure 5: Sketch of a typical β function for the fermionic self-interactions λi: at zero gauge
coupling, g = 0 (upper solid curve), the Gaußian fixed point λi = 0 is IR attractive. For small
g ! 0 (middle/blue solid curve), the fixed-point positions are shifted on the order of g4. For
gauge couplings larger than the critical coupling g > gcr (lower/green solid curve), no fixed points
remain and the self-interactions quickly grow large, signaling χSB. For increasing temperature, the
parabolas become broader and higher, owing to thermal fermion masses; this is indicated by the
dashed/red line.
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– 17 –

Λ ≫ 1 GeV • strong coupling exceeds critical value: fixed points vanish                

 becomes resonant: spontaneous symmetry breakingλT,k

SCALE EVOLUTION OF QCD

[Gies, Wetterich, PRD 96 (2003), Braun Gies, PLB 645 (2007)]

kgap ≈ 1 GeV



kχSB ≈ 0.5 GeV

• resonances in different channels indicate different phases:

(closely above the phase transition temp.)

chiral condensate :
hadronic phase

∼ ⟨q̄q⟩ quark Cooper-pair :
color-superconductor

∼ ⟨qq⟩

:
[Braun, Leonhardt, Pospiech, PRD 101 (2020)]

Nf = 2

Λ ≫ 1 GeV

unbiased, dynamical decision about favored ground state

EMERGENT ORDER

kgap ≈ 1 GeV

construct Fierz-complete 
set of  interaction channels



kχSB ≈ 0.5 GeV

• express resonant 4-quark channels in terms of meson/diquark-exchange                  
(similar: baryons from 6-quark interactions)

Λ ≫ 1 GeV

λT,k(p) ∼
h2

T,k(p)
p2 + m2

ϕ,k

• flow equations for fundamental fields and emergent bound states (still exact!)

capture the dynamical transition from fundamental fields 
to low-energy degrees of freedom

Low-energy regime of QCD

gluons ghosts quarks bound states

@t�k[�] =
1

2
� � +

1

2

SCALE EVOLUTION OF QCD

kgap ≈ 1 GeV



DYNAMICAL "HADRON"IZATION

• bosonize 4-quark interaction at each RG-step scale-dep. composite fields ̂ϕ → ̂ϕk

unified description of constituents (quarks & gluons) and composites

• introduce  to generating functional via additional source term̂ϕk generalized flow

∂tΓk =
1
2

Gab
k

·Rab,k − ·Φa
k( δΓk

δΦa
+ cδaσ) + Gab

k
δ ·Φc

k

δΦa
Rcb,k

·Φk = ⟨∂tΦ̂k⟩ −
1
2

ηΦ,kΦ

• choose  to "absorb" flow of desired 4-quark channel⟨∂tΦ̂k⟩

⟨∂tΦ̂k⟩ ∼
·λT,k

hT,k
(q̄Tq)

see also: [Floerchinger, Wetterich, PLB 680 (2009); Fu, Pawlowski, FR, PRD 101 (2019); Fukushima, Pawlowski, Strodthoff,  Ann. Phys. 446 (2021)]

= ω,ε +
!

+

︸ ︷︷ ︸
rest

[Gies, Wetterich, PRD 65, 69 (2001, 02)]
[Pawlowski, Ann. Phys. 332 (2005)]

example: mesons & diquarks [Gholami, Mire, FR, Schaefer, Yin, 2606.23772]

Φ = {q, q̄, A, c, c̄, ϕ, …}



kχSB ≈ 0.5 GeV

Λ ≫ 1 GeV • parameters of composite sector uniquely determined by fixed point at small g
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vector meson interactions
[FR, PRD 92 (2015)]

low-energy sector emerges dynamically, no free model parameters

EMERGENT LOW-ENERGY PHYSICS

kgap ≈ 1 GeV
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quark-meson/diquark interactions
[Gholami, Mire, FR, Schaefer, Yin, 2606.23772]



kχSB ≈ 0.5 GeV

Λ ≫ 1 GeV
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EMERGENT LOW-ENERGY PHYSICS

kgap ≈ 1 GeV
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gΛ = 10 GeV = 20 gΛ = 20 GeV = 20 gΛ = 50 GeV = 20

quark-meson/diquark interactions
[Gholami, Mire, FR, Schaefer, Yin, 2606.23772]

more details & applications: talks by

Alvaro Pastor-Gutierrez 
Wed. 14:00

Hao-Lin Li 
Wed. 14:40

Ugo Mire 
Wed. 15:00

Bernd-Jochen Schaefer 
Thu. 10:00

Franz Richard Sattler 
Thu. 9:20

low-energy sector emerges dynamically, no free model parameters

• parameters of composite sector uniquely determined by fixed point at small g



large systematic 
error?

QCD PHASE DIAGRAM & THE CRITICAL ENDPOINT 

CEP at (T, μB) ≈ (110, 630) MeV

• confirmed by different methods and 
improved approximations

First results for the chiral transition from direct computations in QCD (assuming homogeneous phases)

direct calculations in QCD: 
[Gao, Pawlowski, PLB 820 (2020)]
[Gunkel, Fischer, PRD 104 (2021)]
[Lu et al., PRD 113 (2025)]
[Fu, Huang, Pawlowski, FR, Wen, Yin, 2603.13455]
[Wang et al., 2607.07354]

extrapolations from lattice data: 
[Basar, PRC 110 (2023)]
[Clarke et al., PRD 112 (2024)]
[Shah et al., PRC 113 (2024)]

not computed

[Fu, Pawlowski, FR; PRD 101 (2019)]

• new feature: the moat regime

[FR, EPJ Web of Conf. 364 (2025)]

sNN ≈ 3.6 − 4.1 GeV



MOATS IN QCD



THE MOAT

[T. J. Smith, NY Times]



THE MOAT REGIME IN QCD [Pisarski, FR, PRL 127 (2021)]

moat is overarching feature for 
spatially modulated phases

THE MOAT REGIME
(static) boson dispersion is minimal at nonzero momentum

E(p2) = Z(p2) p2 + m2 ≲ z p2 + wp4 + ×(p6) + m2

z = 1
z = 0.5
z = -0.6
z = -2.1

0 50 100 150 200 250
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160

180

200

220

p [MeV]

E
[M
eV

] moat regime

"gain energy by going faster"

[Pisarski, FR, PRL 127 (2021)]

spatial modulationsfavored momentum

G( | p | ) G( |x | )

1/G(p0 = 0, p2) =

[Nussinov et al. PRL 135 (2024)]

(static) mesonic energy is minimal at nonzero momentum (  negative spatial wave function renormalization )↔ Z⊥(∇ϕ)2

E(stat)
ϕ (p) = G−1

ϕ (p0 = 0, p)
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QCD PHASE DIAGRAM - BEYOND CONVENTIONAL PICTURE

FROM MOATS TO INHOMOGENEOUS PHASES

 for all E > 0 p2

 at :E = 0 p2 > 0

E

p20
p2

M

E

p20
p2

M

instability towards inhomogeneous/crystalline phase

:  zero energy cost to condense particles with nonzero momentumE(pM > 0) = 0

(possible) spatial 
field configurations
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INHOMOGENEOUS INSTABILITY IN QCD

• moat regime established in QCD by now

• self-consistent resolution of momentum dependence: instabilities [Pawlowski, FR, Sattler; EPJ Spec. Top. (2025)]  

[Fu, Pawlowski, FR, PRD 101 (2019)]
[Fu, Pawlowski, Pisarski, FR, Wen, Yin, PRD 111 (2024)]
[Fu, Huang, Pawlowski, FR, Wen, Yin, 2603.13455]

inhomogeneous instability at intermediate scale k > 0
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INHOMOGENEOUS INSTABILITY IN QCD

inhomogeneous instability at intermediate scale k > 0

• moat regime established in QCD by now

• self-consistent resolution of momentum dependence: instabilities [Pawlowski, FR, Sattler; EPJ Spec. Top. (2025)]  

[Fu, Pawlowski, FR, PRD 101 (2019)]
[Fu, Pawlowski, Pisarski, FR, Wen, Yin, PRD 111 (2024)]
[Fu, Huang, Pawlowski, FR, Wen, Yin, 2603.13455]

more details: talk by
Franz Richard Sattler 

Thu. 9:20



INTERMEDIATE-SCALE INSTABILITIES? [Pawlowski, FR, Sattler; EPJ Spec. Top. (2025]

what we have:
inhomogeneous structures 

at intermediate scales:

what can happen at macroscopic scales ?k = 0

⟨ϕ(r)ϕ(0)⟩ ∼ sin(pMr) e−mr

isotropic moat

⟨ϕ(r)ϕ(0)⟩ ∼ sin(pMr)

inhom. phase

k→0

e.g., quantum pion liquid
[Pisarski, Tsvelik, Valgushev, PRD 102 (2020)]

[Lee et al., PRD 92 (2015)]
[Hidaka et al., PRD 92 (2015)]

reviews:
[Fukushima, Hatsuda, RPP 74 (2010)]
[Buballa, Carignano, PPNP 81 (2014)]

⟨ϕ(r)ϕ(0)⟩ ∼ sin(pMr) r−α
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INTERMEDIATE-SCALE INSTABILITIES? [Pawlowski, FR, Sattler; EPJ Spec. Top. (2025]

what can happen at macroscopic scales ?k = 0

⟨ϕ(r)ϕ(0)⟩ ∼ sin(pMr) e−mr

isotropic moat

⟨ϕ(r)ϕ(0)⟩ ∼ sin(pMr)

inhom. phase

k→0

e.g., quantum pion liquid
[Pisarski, Tsvelik, Valgushev, PRD 102 (2020)]

[Lee et al., PRD 92 (2015)]
[Hidaka et al., PRD 92 (2015)]

reviews:
[Fukushima, Hatsuda, RPP 74 (2010)]
[Buballa, Carignano, PPNP 81 (2014)]

⟨ϕ(r)ϕ(0)⟩ ∼ sin(pMr) r−α

liquid crystal
no instab. at k =0 instab. at k =0 "washed out" instab.
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poster by
Ana Garcia-Page

what we have:
inhomogeneous structures 

at intermediate scales:
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IMPLICATIONS FOR THE CEP?

need to think about alternatives to conventional CEP scenario

[Buballa, Carignano 1406.1367]
[Pisarski, Skokov, Tsvelik, 1801.08156]

• Lifshitz point instead of CEP (different univ. class!)

• Lifshitz point and CEP

• Lifshitz region

• none of the above ...

CEP within unstable region!

If instabilities persist and also affect critical 
mode, fate of ordinary CEP unclear:

[Pawlowski, FR, Sattler; EPJ Spec. Top. (2025]

[Haensch, FR, von Smekal, PRD 110 (2023)]



MOAT PHENOMENOLOGY
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HEAVY-ION COLLISIONS

[D. Fehrenz, GSI/FAIR (as of April 2024)]



SEARCH FOR MOATS IN HICS
intuitive idea [Pisarski, FR, PRL 127 (2021)]

Characteristic feature: particle modes with minimal energy at nonzero momentum 

 modified particle correlations at nonzero momentum⟹



SEARCH FOR MOATS IN HICS

look for signatures related to the momentum dependence of meson correlations 

intuitive idea

where to look for moats?

• first found in QCD in  and  meson channelsπ σ

• models: they can appear in all sorts of mesons: 

→1

=

→1

+

• kaons: [Cao; PRD 112 (2025)]

• : [FR, Yin (in preparation)]η, ρ, a1

[FR, Yin (in preparation)]

not surprising: moat generated 
by particle-hole fluctuations 

around Fermi surface

[Pisarski, FR, PRL 127 (2021)]

Characteristic feature: particle modes with minimal energy at nonzero momentum 

 modified particle correlations at nonzero momentum⟹

[FR, Yin, PRD 113 (2025)]



HANBURY-BROWN-TWISS CORRELATIONS
Borrow idea from astronomy to measure size of stars: HBT interferometry

original experiment in Narrabri, Australia

[Goldhaber (1991)]

A

B

1

2

Adapted in HICs, e.g., to estimate size of fireball (emission source) from pion-pion correlations 
and study strong interactions among hadrons [Lisa et al., Ann.Rev.Nucl.Part.Sci. 55 (2005)]

[Fabbietti, Sarti, Doce,  Ann.Rev.Nucl.Part.Sci. 71 (2021)]

[Hanbury Brown, Twiss (1954)]



HANBURY-BROWN-TWISS CORRELATIONS
Two-pion correlations from interference

[FR, Pisarski, Rischke, PRD 107 (2023)] 

 ⟨N̂π N̂π⟩ ∼ C(P, ΔP) ∼ ∫ dΣX DP∥ e−i ΔP⋅X f(X, P) ρ(X, P)
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MORE TWO-PARTICLE CORRELATIONS
qualitative result appears to be generic

peak position related to wavenumber of underlying spatial modulation

C(pT, qT)

p
T [MeV] q T

[M
eV

]

[Pisarski, FR; PRL 127 (2021)]

thermodynamic fluctuations 
in a moat regime

interference from primordial 
inhomogeneity (with AMPT transport)

[Fukushima et al.; PRC 109 (2023)]

C(ΔPinv)

ΔPinv [GeV]



DILEPTON PRODUCTION

ELECTROMAGNETIC RADIATION FROM QCD FIREBALL
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Encodes information on matter properties
enabling unique measurements:

- degrees of freedom of the medium
- fireball lifetime, temperature, acceleration, polarization
- restoration of chiral symmetry
- transport properties

Electromagnetic radiation (6, 6∗)

Reflect the whole history of a collision

●

●

●

No strong final state interaction
⤳ leave reaction volume undisturbed

credit: Tetyana Galatyuk



Contribution to the dilepton rate though pions/moatons:

DILEPTON PRODUCTION

Πμν ⊃ γμ γν

π+

π−

d4R
dp4

∼ Im Πμν(p)

[Nussinov, Ogilvie, Pannullo, Pisarski, FR, Schindler, Winstel; PRL 135 (2024)]
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CONCLUSIONS

QCD at small 
(without FRG)

μ

QCD at large 
(with FRG)

μOpportunity to discover new phases,
facilitated by FRG


