Chemical Freeze-Out in the QCD Phase Diagram
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100 years of the Pauli Exclusion Principle

Uber den Zusammenhang des Abschlusses der Elektronen-
gruppen im Atom mit der Komplexstruktur der Spektren.

Von W. Pauli jr. in Hamburg.

(Emgegangen am 16, Januar 1925.)
Zeitschrift fir Physik. Bd. XXXL.




Exploring the QCD Phase Diagram
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hadronic

G. Endrodi, SQM2024

The Goal: Proving the phase structure!

Lattice QCD results only for pseudocritical
temperature Tc near p ~ 0 (sign problem)

Liquid-gas PT indicated in experiment

Other structures are so far model dependent
conjectures!!



Exploring the QCD Phase Diagram
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Exploring the QCD Phase Diagram

Our QCD Phase Diagram
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Temperature (MeV)

Exploring the QCD Phase Diagram

@ muses

Fig. 1 Regions of the QCD
phase diagram where constraints
from heavy-ion collisions (HIC),
lattice QCD (LQCD),

L pQCD perturbative QCD (pQCD), low-
energy heavy-ion collisions
(LENP), chiral effective field

| theory (YEFT), and astrophysics
100 (neutron stars, NS) are available
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Temperature (MeV)

Exploring the QCD Phase Diagram

@ muses
This Talk:
300} Chemical Freeze-Out @ T ~ 20 — 100 MeV.
LoCD - - Statistical Model Fit, T — p diagram

* - CFO in the T — n diagram

| - Mott dissociation for light clusters
h - CFO as inverse Mott dissociation
D ++H——t—t—pe. - Summary & Outlook
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T [MeV]

Statistical Model Fit for CFO, T — y Diagram
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Statistical Model Fit for CFO, T — n Diagram
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Statistical Model Fit for CFO, T — n Diagram
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Correlation of CFO line with
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region correlated with Mott lines
for dissociation of light clusters?
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Mott dissociation for bound states in a plasma

Chemical picture: Physical picture:
Ideal mixture of reacting components "elementary” constituents
Mass action law and their interaction
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Interaction between the components Quantum statistical (QS) approach,

internal structure: Pauli principle quasiparticle concept, virial expansion



Mott dissociation for bound states in a plasma

Effective wave equation for deuterons in nuclear matter

In-medium two-particle wave equation in mean-field approximation

"F

A P>
2m, e qu ¥, p(P1py) + 2(1 Lo, = [, V(P12 P s )Y, 2 (2122 )
' 22y
Add self-energy Pauli-blocking = Ear¥ar(PiP2)

Thouless criterion
E, (T.u)=2u
Fermi distribution function
BEC-BCS crossover:

g -1
f, = [E(pzum—mw 4 1] Alm et al., 1993
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Mott dissociation for bound states in a plasma

Effective wave equation for deuterons in nuclear matter
[Derivation of a ,Plasma Hamiltonian“ from a Bethe-Goldstone Eq. for two-particle states]

In-medium two-particle wave equation in mean-field approximation

i )3 _ o , ,_
ﬁl}:z A+ ’1!"; +4, lpf‘r'”(pl’p?) ® z(l_fpl == fp:)v':Pl:Pz;Pl P )lpd,P(Pl'mpz )
| =0 <, . Py

Add self-energy Pauli-blocking =E,p%¥ p(P1:P,)

[R. Zimmermann et al. (5-men-work), Phys. Stat. Sol. (b) 90 (1978) 175]

Thouless criterion
E, (T.u)=2u
Fermi distribution function

; BEC-BCS crossover:

1 =[£,(p3f2m—mfkﬂr 4 1]‘ Alm et al., 1993
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Mott dissociation for clusters in nuclear matter
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© North-Holland Publishing Company
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(I). Method and general aspects
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Mott dissociation for clusters in nuclear matter
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Mott dissociation for clusters in nuclear matter
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Mott dissociation for clusters in nuclear matter

Nuclear Physics A379 (1982) 536-552
© North-Holland Publishing Company

PARTICLE CLUSTERING AND MOTT TRANSITIONS
IN NUCLEAR MATTER AT FINITE TEMPERATURE
(I). Method and general aspects

£*F0(1234, ) =%

G. ROPKE
Sektion Physik, Wilthelm-Pieck-University, Rostock, GDR

L. MUNCHOW
Zentralinstitut fiir Kernforschung, Rossendorf, GDR
and
H. SCHULZ?
The Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, DK-2100 Copenhagen §, Denmark

Received 18 May 1981
(Revised 17 September 1981)

2,HF -
> LTI NEX

1 1
t‘z,HF) - I(Z.HP' + R{Z,HF) - ttZ,HF]
-

62 (12)¢5" (34)

g, A +Q+fB)+f4)

X (R —_E(l)—A*“"(n-E(z)—A“F(z))
x(Ex¥ —E(3)—-4™(3)-E@4)-4™@4)),
[E)+EQR)-E: 1" (12)+ ¥ V(12,125 (1'2)
1'2r
= 122 B +FR)+fAN+£(2) V(12,172

~ (@) +4™(2) 611 Sar}én” (1)
==X Hidnuer (12,12)457(1'2).



18

Mott dissociation for clusters in nuclear matter

Nuclear Physics A379 (1982) 536-552
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Mott dissociation for clusters in nuclear matter

Nuclear Physics A379 (1982) 536-552
© North-Holland Publishing Company
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Mott dissociation for clusters in nuclear matter

Nuclear Physics A379 (1982) 536-552
© North-Holland Publishing Company
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Mott dissociation for clusters in nuclear matter
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Mott dissociation for clusters in nuclear matter

G. Ropke, Nuclear matter equation of state including two-, three-, and four-
nucleon correlations, Phys. Rev. C 92 (5) (2015) 054001, https://doi.org/10.1103/
PhysRevC.92.054001, arXiv:1411.4593.

Present state-of-the-art;

Scalar and vector mean fields from RDF EoS DD2
EAV(P) - Egv(P) 4 AE:%(P) 9 AETSII(P) i AESTIO’"b(P). S. Typel et al., PhyS Rev. C 81, 015803 (2010)

Parameter fit provided by G. Ropke et al.,

w g . bi 7 :
The cluster binding energies E AI,I:fd(P’ T,np,Y,, Tey) are defined as Phys. Part. Nucl. Lett. 15, 225 (2018)

EY™(P;T,np,Y,) =—[E4(P;T,ng,Y,) — ES™(P;T,np, Y,)] ¢ =20.56 — 0.04099 T — 0.3394 5% +0.9972 5* ,
S o i <2 <4
ES™(P;T,np,Y,) = NE,(P/A;T,np,Y,) + ZE,(P[A;T,n,Y,) ¢, = 15.98 +0.8664 T —2.020 6% —3.018 6* ,

. . . . . .  =2427—0.07417 T — 0.5427 6% + 1.196 &* .
the in-medium dispersion relations for nucleons (z =p, p) are defined as “3

~ - ¢, =114.6+1.350 T +2.674 5% +0.7268 5*
E.(p;T,ng,Y,)= \/[mrcz — S(T,ng,Y,)|" +n2c2p? + V(T ,np,Y,) —m.c” )
d, =0.6629 —0.006142 T — 1.141 5 —0.7176 &2,

2
1+ ciny+cyny

Si(T,ng,Y,)=(4463 —6.610 T —0.17035° +4.1126*)n 5 X dy = 10.7780 + 0.004432 T + 0.8020 & + 0.4576 62,
dy =3.433+0.000104 T — 1.549 § — 0.3360 62,

d, =23.01 —0.03302 T - 5.923 6 +0.05090 6,

?

1+c3nb+c4n%
2
1+dlnb+d2n3

V,(T,ng,Y,) = (3403 + 0.000052 T — 486.6 6 — 2.420 5°)n zx |
1l +d3n, + d4n23

with the isospin asymmetry 6 = (1 —2Y,)
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Binding energies for light clusters in T — n plane
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Pauli blocking: phase space occupation

cluster wave function (deuteron, alpha,...)
in momentum space

'; P - center of mass momentum

Pz A /’

The Fermi sphere is forbidden,
deformation of the cluster wave function
Px in dependence on the c.o.m. momentum P

Fermi sphere

The deformation is maximal at P = 0.
momentum space It leads to the weakening of the interaction

(disintegration of the bound state).

25
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Momentum-dependent binding energies

— o B EAN LRI The light clusters that underwent a Mott
Pz A ~~ U e : Dissociation for low momenta become
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m” 10_— # 7
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- S ]
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Mott momentum for bound states in matter

Based on the Pauli principle (100th anniversary), the Mott momentum is a general effect for bound states in matter, e.g. excitons in graphene!

Biplab Mahato, D.B., D. Ebert,
Beth-Uhlenbeck equation for the thermodynamics of fluctuations in a generalized 2+1D Gross-Neveu model (in preparation)

™ —q=0.0M gl | © Mott momenta o
" !1 —q=0.5M ---  Fit curve i
i I q=1.0M o
1 I8 (L ——g=1.2M
= . = 27 e )
3: i | 16 1.8 2 22 | ““5:': /é’
& = / : O/
4 :
O/
0F - —
. L 100 101 102 OF ¢g--o-—-00 o
0 Ll : Lo Ll Lol 1 1 Ll | | |
w 2/ M 2 7 f.ft M

See also: Pauli potential effects on the tetraquark spectrum [Morgan Kuchta, Master Thesis, University of Wroclaw (2024)]
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CFO in the Temperature — density plane

T [MeV]

100

—- X2
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—-T (n), P=<P>
* X, =0003. Yp =05

thermal

i/

The mass action law of the
chemical picture

(nuclear statistical equilibrium)
is modified by quantum effects
(compositeness):

D. Blaschke, B. Dénigus, S. Liebing, G. Roépke,
arXiv:2408.01399, PLB 860 (2025) 139206
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CFO in the Temperature — density plane

T [MeV]

100

—- X2

Mot o

— HRG-QC

—-T (n), P=<P>
* X, =0003. Yp =05

thermal

i1

The mass action law of the
chemical picture

(nuclear statistical equilibrium)
is modified by quantum effects
(compositeness):

Pauli blocking —
— Mott dissociation

D. Blaschke, B. Dénigus, S. Liebing, G. Roépke,
arXiv:2408.01399, PLB 860 (2025) 139206
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CFO in the Temperature — density plane

T [MeV]

100

—- X2

Mot o

— HRG-QC

—-T (n), P=<P>
* X, =0003. Yp =05

thermal

i/

The mass action law of the
chemical picture

(nuclear statistical equilibrium)
is modified by quantum effects
(compositeness):

Pauli blocking —
— Mott dissociation

Mott-line for alpha clusters
(equivalent to the line of
maximum alpha fraction)

is well correlated with the
Chemical Freeze-Out (CFO) line

D. Blaschke, B. Dénigus, S. Liebing, G. Roépke,
arXiv:2408.01399, PLB 860 (2025) 139206
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CFO in the Temperature — density plane
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of the nuclear composition

. ,collapse of wave function”
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Outlook: Primordial CFO of heavy elements?

JWST results — primordial black holes !

Talk at University of Wroclaw
by Gunther Hasinger,

Founding director of the
German Centre for Astrophysics
In Gorlitz:

Primordial

BHs \

stars

QCD hadronization transition plays key role plays for PBH formation !

32
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Outlook: Primordial CFO of heavy elements?

JWST results — primordial black holes !

_ Different peaks correspond to
Planetary mass BH A LIGO supermassive BH it g e aie e e Rl

universe phase transitions and the
corresponding reduction in the sound
velocity.

BH mass corresponds to the horizon
size at each time.

Z,W bosons pidns

Only requirement is enough
fluctuation power in a volume fraction

Protons & . of 10 of the early Universe.
neutrons .

Chandrasekhar M‘ass‘

Carr, Clesse, Garcia-Bellido 2019

QCD hadronization transition plays key role plays for PBH formation !
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Outlook: Primordial CFO of heavy elements?
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Can the primordial evolution of the
Universe lead to these freeze-out
Parameters (red star):

T=5 MeV,

Mn=940.317 MeV,

Mp= 845.069 MeV

Maybe inhomogeneous Big Bang?
The freeze-out point lies in the

domain of supernova explosions and
binary neutron star mergers

G. Ropke, D. Blaschke, F. Ropke, arXiv:2411.00535
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Outlook: Primordial CFO of heavy elements?

PHYSICAL REVIEW D VOLUME 30, NUMBER 2 15 JULY 1984

Cosmic separation of phases

Edward Witten*
Institute for Advanced Study, Princeton, New Jersey 08540
(Received 9 April 1984)

A first-order QCD phase transition that occurred reversibly in the early universe would lead to a
surprisingly rich cosmological scenario. Although observable consequences would not necessarily
survive, it is at least conceivable that the phase transition would concentrate most of the quark ex-
cess in dense, invisible quark nuggets, providing an explanation for the dark matter in terms of
QCD effects only. This possibility is viable only if quark matter has energy per baryon less than 938
MeV. Two related issues are considered in appendices: the possibility that neutron stars generate a
quark-matter component of cosmic rays, and the possibility that the QCD phase transition may
have produced a detectable gravitational signal.

QUARKS

MESONS

=

H =~

FIG. 4. A skelch of the coexistence temperature for quark
matter of chemical potential i coexisting with the meson-baryon

FIG. 1. Isolated expanding bubbles of low-temperature phase of u=0. What is shown is the temperature, as a function
phase in the high-temperature phase. of u, at which the two phases exert equal pressure.
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Accumulated mass fraction vs. mass
number A for solar element abundances
compared with freeze-out model after
neutron evaporation for T=5 MeV,
Mn=940.317 MeV, up,= 845.069 MeV

G. Ropke, D. Blaschke, F. Ropke, arXiv:2411.00535
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Outlook: Primordial CFO of heavy elements?
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G. Ropke, D. Blaschke, F. Ropke, arXiv:2411.00535
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Mott-Anderson localization model for sudden CFO

The basic idea: Localization of (certain) multiquark states (“cluster”) = hadronization;
Reverse process = delocalization by quark exchange between hadrons

Freeze-out criterion:

Povh-Huefner law,
PRC 46 (1992) 990
— total x-section

R d
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DB, J. Berdermann, J. Cleymans, K. Redlich, Phys. Part. Nucl. Lett. 8 (2011) 811



Mott-Anderson localization model for sudden CFO

Model results:

Collision time strongly T, mu dependent !

Texp(. T, H) = Tl I, 1y

Schematic resonance gas: dr pions, dN nucleons
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Expansion time scale from
entropy conservation:

S(T, ) Hl(typ) = const

Tap( T, 1) = as”(T, p),

Thermodynamics consistent with phenomenological
Freeze-out rules:
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DB, J. Berdermann, J. Cleymans, K. Redlich, Phys. Part. Nucl. Lett. 8 (2011) 811



Mott-Anderson localization model - refined

A) Chiral condensate for the full hadron resonance gas model — radii of hadrons

3

- nonstrange hadrons: 2 —mq(qq):
(re)Tw = 5 2(7 1) = —a\dY T
-—lﬂ’-f;r fﬁ ( T" }( ) n)t:_}r 3
9 B 3m§. ) 1 5 i 4
(rm) T = 47."-31??q (49) Tl (rN)Tp =70 + {Tx) T
- strange hadrons: Pl = {G9)1, —) (38) 1 g )
> 3 3 mf\- 2 5

?‘;‘—T‘fz : = =
TKITw = 207 = 3 Gairn & (38)r (g + 100)

B) Chemical freeze-out: only “reactive” cross section, flavor equilibration

Some flavor changing processes involve reaction thresholds and need
activation energy, like in the Eyring theory of chemical processes with activation:

. AE — | .
rr;-(T. jt) = exp (—T) oi;(T, p) a1, 1) = )\(r?}-r_p (T

Assumption: average activation threshold for reactive processes: AFE = 0.2 GeV
(to be refined, account for all individual processes, e.g., SMASH)

DB, J. Jankowski, M. Naskret, arxiv:1705.00169
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Mott-Anderson localization model - refined

Age
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The factor a stands for the inverse system
size in the formula

T*—“'P[I T, p) = 1T, p)

for the 3D expansion time scale assuming
entropy conservation

Full HRG model condensate;

J. Jankowski et al., Phys. Rev. D (2013)

DB, J. Jankowski, M. Naskret, arxiv:1705.00169
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Mott-Anderson

localization model - refined

Inelastic collisionrate 7., o« T%, & = 20 from fit to STAR data

U. Heinz and G. Kestin, PoS CPOD 2006, 038 (2006) [nucl-th/0612105]

Species-dependent exponent
of the power law,

dInTeon (T, 1)
dinT

K; =
Traibtg.a

extracted from the model for
the collision rate.
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Mott-Anderson localization model - refined
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The factor a stands for the inverse system
size in the formula
Texp (T, p) = el T, p)

for the 3D expansion time scale assuming
entropy conservation

Full HRG model condensate;
J. Jankowski et al., Phys. Rev. D (2013)

DB, J. Jankowski, M. Naskret, arxiv:1705.00169
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CFO in the Temperature — density plane

T [MeV]
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CFO in the Temperature — density plane

T [MeV]
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