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Phase diagram of strongly;interacting
matter —a dream or reality?
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Crossover, chiral phase transition at g = 0
and the (tri)-critical pointat ugp > 0

(156.5 + 1.5) MeV T, 4
13212 MeV T

m =0
2“‘*§order

Ny

a possible tri-critical point
will show up only at

T < 135 MeV

the critical point is

likely to be located at
T < 130 MeV
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Chemical freeze-out parameters

this work
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Few remarks about Liquid-Gas transition



Liquid-gas phase transition in nuclear matter

Temperatures Mea')

oD 01 o2 03 04

Q/Qo
FI1G. 1. Pressure curves shown as a function of density for
the infinite matter case. The instabitlity area (thin doltied] and
the upper line of phase separation are included besides the 12
isotherms: The coexistence region is defined for positive pres-
sure and bounded by the line of phase separation.




Nuclear break-up: multifragmentation

t=0 fm/c
1) pA collisio
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moderate excitation
2) peripheral

AB collision slow expansion equilibrated system

at freeze-out

Power-low fragment mass distribution around critical point, Y(A)~A™
Can be well understood within an equilibrium statistical approach

Early 80s: Randrup&Koonin; D. Gross et al; Bondorf-Mishustin-Botvina; Hahn-Stoecker;
Later: S. Das Gupta et al.; Gulminelli& Raduta et al.,...




Multifragmentation is a manifestation of
the L|qU|d -Gas p. t. in finite nuclei

slow expansion
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Evolution of partitions with E

° experiment

histograms — SMM (Statistical
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E*/A in spectators is growing towards central collisions (smaller b)

Peripheral Au+Au collisions at 35 AMeV
M. D’Agostino et al., Nucl. Phys. A650, 329 (1999)



Nuclear caloric curve

J. Bondorf et al ; Statistical multifragmeritation
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Fig. 4. The average temperature T as a function of the excitation energy E*/ Ay The dashed line
illustrates the temperature of a free nucleon gas. 10 1 5

<Ep>/<Ay> (MeV)

FIG. 2. Caloric curve of nuclei determined by the dependence
of the isotope temperature Ty, ; on the excitation energy per
nucleon. The lines are explained in the text.




Effective thermodynamic potential

for 1st and 2"d order phase transitions



Effects of fast dynamics

. _ a, b, C.
AAT, 1) = QT ) + 29"+ 9 s




Equilibrium fluctuations of order parameter in

15t order phase transition
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Rapid expansion through a 1st order phase
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Evolution of equilibrium fluctuations
in 2"d order phase transition

O(g) = %a(T)qﬁz +%b(v¢)2 +§¢4, a(T)=a,(T - T.)

<¢>_¥, T<T. and (§)=0, T>T., 5p=p—(4)

Distribution of fluctuations P (J¢) [ exp[_ AQ(T5¢)V }



Critical slowing down in the 2"d order
nhase transition




Critical slowing down 2
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Modeling fluctuations in dynamical

environments



Simple model for chiral phase transition

L= [0 —g(o +irem)]q+ %[aﬂaaﬂa +0,m"7]-U (0, 7),
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Non-equilibrium Chiral Fluid Dynamics
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Bjorken expansion through a phase transition

Att=0: v(2) =

average temperature average tggnperature
average stand dev averagg®tand dev
cell temperature = cell emperature

cett fluctuations — =~ . cell fluctuations
Tc=138.6MeV

temperature in MeV
standard deviation in MeV

temperature in MeV
standard deviation in MeV

time in fm time in fm
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Extension to finite baryon densities




Model 1: Polyakov-Quark-Meson Model (PQM)
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Trajectories in the T-u plane
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Dynamical simulation of fast expansion

t/fm=0.08 t/fm=0.08

10 15 10 15 20

t/fm=12.72 t/fm=12.72




Dynamical droplet formation

e

Splash of a milk drop



Observable signatures of baryon
density fluctuations

first-order =— first-order
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More realistic calculations



Model 2: SU(3) chiral quark-hadron (QH) model

— 1
L= Z Vi (i’y”(?# — Y Giw — Mi) ¢i+§ (3u0)2_ U(o, ¢, w)—U(¢)

My = 9400 + 9qcC + Mog + gge(1 — £)
Ms = 0g,0+ gac¢ + Mos + ggel?




QHM predicts two phase transitions

100 200 300 400 200 300 400 500
i (MeV) 1 (MeV)

PQM QH




POM vs. QHM: domain formation

t/fm=0.08 t/fm=0.08

t/fm=12.88 t/ffm=12.80




PQM vs. QHM: density moments
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Experimental signatures of metastable
domains




3D Event Display at STAR

BES-Il, Au+Au collisions at 19.6 GeV.

Xiaofeng Luo EMMI Workshop, GSI, Germany, Mar. 25-29, 2019



Higher-order cummulants
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quantify fluctuations.
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M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2008); 107, 052301 (2011).
M.Asakawa, S. Ejin and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009).

2. Direct connect to the susceptibility of the system.
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al., Science, 332, 1525(2012). A. Bazavov et al., PRL109, 192302(12) // 5. Borsanyi et al.,

PRL111, 062005(13)

' Higher Moments of Conserved Quantities (B, Q, S)

Higher order cumulants/moments: describe the shape of distributions and
(sensitive to the correlation length (€))

Kurtosis (K) — Sharpness
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Net-Proton Fluctuations

Theoretical calculations

Experimental Measure )
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STAR: Phys. Rev. Lett. 105, 022302 (2010).
Phys. Rev. Lett. 112, 032302 (2014). M. Stephanov, PRL107, 052301(2011)

PoS CPOD2014 {2015} 019. J. Phys. G: 38, 124147 (20]]).

» First observation of the non-monotonic energy dependence of fourth order
net-proton fluctuations. Hint of entering Critical Region ?

Xiaofeng Luo EMMI Workshop, GSI, Germany, Mar. 25-29, 2019 25



Fluctuations in the HRG with hard-
core repulsion (QvdW)




Conclusions



» At RHIC energies, thermal

Model/Data

STAR Preliminary

Q_ - Thermal model :
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describe the t/p, t/d ratios.

Model'Data

Light Nuclei Yield Ratio Vs. Thermal model
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model can describe the d/p ratios, but can not

» |f deuteron is formed at very late stage via nucleon cola., why it can be

described by thermal model ?

Xiaofeng Luo

EMMI Workshop, GSI, Germany, Mar. 25-29, 2019 30



Near CP or 1st order phase
transition, baryon density
fluctuation become large.

Light nuclei production

(Baryon Clustering)
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Calculation of damping term

oc—ql, o> ax

first order phase transition
critical point
crossover
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