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Phase diagram of quark matter: QCD
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® Details of phase transitions ??
® Consequences for early universe and physics of neutron stars
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Columbia plot - chiral critical surface

no first order region found

DSE: Bernhardt and CF, PRD 108 (2023) 114018

Lattice: Cuteri, Philipsen and Sciarra, JHEP I'| (2021), 141
Dini, et al, PRD 105 (2022) no.3,034510

Ding et al. PRL 123,062002 (2019)
Bornyakov et al. PRD 82,014504 (2010)
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Columbia plot - chiral critical surface
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Columbia plot - chiral critical surface
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Location of CEP
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Phase transitions at zero T: what to expect...
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Phase transitions at zero T: what to expect...
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Phase transitions at zero T: what to expect...
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Phase transitions at zero T: what to expect...

200

150

100

Temperature [MeV]

50

1000

900

800

700

600

500

400

Energy [MeV]

300

200

100

(=)

I Crossover ] €€ _° ", . . .
p__ Crossover : silver blaze”: no excitations until
: ] T. D. Cohen, PRL 91 ,222001 (2003)
i >
i U < My
: Nuclear Liquid-Gas Transition gl?;cs)szuperconducting : E N UCIQOH — m N T /’L B
I T R B T o] E
0 200 400 600 800 1000 1200 1400 1 — m - 2 /

Baryon chemical potential [MeV] D 1 qU. ark D 3 'LL B
- T T T T T T T T T T EMeson — mM

E Nucleon

oIIII|IIII|IIII|IIII|IIIII'|IIII|IIII|IIIIIIII|

EDiquark_
EMeson

Temperature [MeV]

o o Color Superconducting_:

Nuclear Liquid-Gas Transition Phases .

N SR IR R RS R . L
200 400 600 800 1000 1200 1400

Baryon chemical potential [MeV]

Christian S. Fischer (University of Giel3en)

Columbia plot, CP and bound states in dense QCD



Phase transitions at zero T: what to expect...
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Phase transitions at zero T: what to expect...
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Phase transitions at zero T: what to expect...
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Meson propertles at finite chemical potential
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Phase transitions at non-zero T: what to expect...
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Phase transitions at non-zero T: what to expect...
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Phase transitions at non-zero T: what to expect...
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Phase transitions at non-zero T: what to expect...
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Inhomogeneous phases (simple truncation)

1507 Inhom. region
£ = ei'757'3q'x¢ —— 1st order homog.
1251 —== X(wo,0[q)

(Y(x)p(z)) = cos(2q - z) (£€)
(Y(x)irvsT3(x)) = sin(2q - z) (€€)

stability analysis

oM
x(q) = 5— <0
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® unambiguous identification of inhomogeneous region
® |ocations of CEP and 3P are far apart!

T. F. Motta, J. Bernhardt, M. Buballa and CF, PRD 108 (2023), PRD 110 (2024), PRD 111 (2025)
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Summary: QCD with functional methods

Main goals:

® one framework for all areas of hadron physics:
mesons, baryons, ‘exotic states’, form factors,
hadronic contributions to precision observables (g-2)
® same framework for QCD phase diagram

Main results:
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Summary:

Bernina-Express:
Landwasser Viadukt
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QCD with functional methods (DSE)

propagators vertices
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QCD with functional methods (DSE)

propagators vertices

CF, Alkofer, PRD67 (2003) 094020
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QCD with functional methods (DSE)

glueballs |

JPC'
. ~ 6 i 6
O — ® 3
. 5L ‘
: = 4 ¢* ¢ c ° :«:\.
AR ¢ () - } N - \.‘, + perm.
4+ 9 g | m i i 3 (J
' E R ",;e, .‘.*“
{ 3 L - H .,'. e o,
N ¢ em g ¢
5 " .BSE = g
e - lattice [Morningstar, Peardon, 1999] {5 . Q,' .
\'. ‘ AY
= lattice [Athenodorou, Teper, 2020 A l' .
- 1- \ \ \ \ [ \ \ p \ ] O .’ RS
""" O------ = r; O—l——|— O——|— 2—|—+ 2——|— 3++ 3——|— 4—|—+ 4—+
: CF, Huber, Sanchis-Alepuz, EPJC 80 (2020) [arXiv:2004.00415] i A :
: Huber, CF, Sanchis-Alepuz, EPJC 81 (2021) [arXiv:2110.09180] .‘ ' c‘ +
e e T e e SN

CFAlkofer, PRD67 (2003) 094020
Williams, CF, Heupel, PRD93 (2016) 034026

Review: Eichmann, Sanchis-Alepuz, Williams, Alkofer, CF, PPNP 91, 1-100 [1606.09602] Huber, PRD 101 (2020) I 14009

Christian S. Fischer (University of Giel3en) Columbia plot, CP and bound states in dense QCD



Dynamical mass generation
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Dynamical mass generation
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Dynamical mass generation
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Dynamical mass generation
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