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Outline

e The phase diagram of QCD
* |sospin
* Phase transitions
* Nonzero baryon densities, from low to high densities

e EOS from nuclear collisions



Isospin



Typical phase diagram of QCD
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Typical phase diagram of QCD
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3D phase diagram

| -
O
>
nO
@)
2 &
mr

o

o

o

(qv)

o
o

-

(qv)

()]

&
£
©

@)

&

()]

—
a
@)
@)

1st order transition

Ueda et al., PRD 88, 074006



Phase transitions



Lattice QCD

e |attice QCD fails at nonzero net baryon density (g £ 0)

* Two symmetries - two transitions

o0 N=2 PURE
m
. ol 2" order

e Chiral symmetry (mq = 0) 2 ("4<;rder 22)
e Center symmetry (mq="' ) physicdipoint - _g

mtsri Ni=1
* Physical quark mass, 0 <m, < oo

 Jwo crossover transitions
My,d -

H.-T. Ding et al., Int. J. Mod. Phys. E24, 1520007



Chiral and deconbnement
transitions at high T

e Chiral order parameter

 Physical quark mass
m/mg¢=1/27
Tpe = 154 £ 9MeV

e Polyakov loop
(order parameter for mg ! © )

e \ery smooth transition
-difficult to determine Ty
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DeconPnement temperature
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Nonzero baryon density?



Nonzero baryon density

* Lattice QCD fails (sign problem) Sasaki et al., Nucl. Phys. A824, 86
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e 1,2 or even 3 transitions at low T?
e We don’t know! May also change at nonzero isospin!

* Many other phases, e.g. ihnhomogeneous ones, proposed.



Non-zero baryon densities



Hadronic matter

| ow-density approximations

* Many-body theory with hadronic degrees-of-freedom

e |nput: 2- and few-body
Interactions

e Neutron matter with chiral

nucleon interactions

E/N [MeV]

e Trusted for densities

n 5 1.57”&0

Tews et al., PRL 110, 032504
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Model dependence

NN-interactions fit phase-
shifts up to pion-production
threshold, E;;p ! 300 MeV

n! 1.4ng (neutron matter)

Hadronic EOS beyond @ 2 ng
and beyond uncertain

Inner core of NS: n ~ 5ng

Need additional input!
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Quark matter

e Perturbative QCD

e Valid at high densities (asymptotic freedom)
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Bridging the gap

e Very wide gap T e
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Bridging the gap

Baym et al.

* Very wide gap C T T IR
C‘?A 1OO(£ :::
interpolate to g I Inner: -~ :
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Pressure [MeV/fr?]

With astrophysical constraints
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Pressure [MeV/fr?]

With astrophysical constraints
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How important is the pQCD constraint
for the EOS at densities relevant for NS,
given the M and! constraints?
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With astrophysical constraints
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EOS from nuclear
collisions



EOS from nuclear collisions

Cover gap in density

Extrapolate in “temperature” 1
and isospin
10

e H-| collisions do not

produce cold matter 8

s/ Qo

* |sospin close to valley
of stability (or smaller)

e (Closer to conditions in
supernovae, NS mergers

No controlled theory available,
need models!

Eur. Phys. J. A3, 165

AutAu (central)

Fup/A=50 GeV




Explore EOS In transport models

* Pioneering work
Danielewicz et al., Science 298, 159

* Analyzed collective flow
for a family of simple EOS’

e Extrapolation to neutron
matter uncertain due to
poorly known symmetry
term L at the time (2002)

* Recent data provide more
stringent constraints at lowish
densities (talk by Yvonne Leifels)
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Improving the constraints
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Le Fevre et al., Nucl.Phys. A945, 112 0

Russotto et al., Phys. Rev. C94, 034608

Consistent constraints (“soft” EOS) extracted also
from Kaon production in nucleus-nucleus collisions

Data at higher energies and with different beam-target
combinations needed.



Outlook

QCD phase diagram at nonzero baryon density and isospin
still very poorly known

e Strategies to circumvent sign problem vigorously pursued
e |attice calculations at nonzero isospin: no sign problem
EOS at high baryon densities, still large uncertainties

e Need more constraints from observations and nuclear
experiments (P. Senger’s talk)

e Interpolation/ extrapolation: no information on
constituents/excitations. How do we add temperature?

e Smooth phase transitions may be less important for
astrophysical applications



