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States of Matter

Physical states

Solid

The molecules that
make up a solid are
arranged in regular,
repeating patterns.
They are held firmly
in place but can
vibrate within a
limited area.

The maolacules that
make up a liquid

flow easily around
one another. They
are kept from flying
apart by attractive
forces between them.
Liguids assume

the shape of

their containers.

@ 2011 Encyclopadia Britannica, Inc.

The malecules that
make up a gas fly
in all directions at
great speeds. They
are so far apart that
the attractive forces
between them ara
insignificant.

increasing energy EEEE—————
©
® (%]

Plasma

At the very high
temperatures of
stars, atoms lose
their electrons. The
mixture of electrons
and nuclei that
rasults is the plasma
state of matter.
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Phase Diagram of H,0
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Landau Functions

fo Spin system in d =3
Fig. 6.3(a)
Second order, [sing model
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Matter under Extreme Conditions

early universe (~ 10 ms) neutron star interior

A NEUTRON ACE and INTERIOR
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Running of the Strong Coupling Constant o

05
Q)

04

0.2

0.1

April 2012

v Tdecays (N°LO)

@ Lattice QCD (NNLO)

a DIS jets (NLO)

8 Heavy Quarkonia (NLO)

o e'¢ jets & shapes (res. NNLO)
e Z pole fit N3LO)

PP —> jets (NLO)

0o,(Mz) = 0.1184 + 0.0007

10 Q[GeV] 100

7/ 42



Mass-splitting of Parity Partners

Energy (Me\V)
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Symmetries of QCD and Breaking Pattern

symmetry vacuum high T' | low T', high p | order parameter consequences

local) color liquark color super-

( ) unbroken | unbroken broken gnat oor “l.I ).1
SU(3) condensate conductivity

Z(3) cent confi nt
(3) center unbroken | broken broken Polyakov loop con n.e ment/

symmetry ! deconfinement

' scz.mle anomaly gluon sca?c (AQCD?,

invariance condensate running coupling

chiral symmetry Ur(Ny) x

UR(Nf) = Uv(l) X SUV(]\/'f

) X SUA(Nf) X UA(l)

baryon number
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Landau Functions

Lo Spin system in d =3 QCD
Fig. 6.3(a)
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"Columbia’ Plot
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Phase Diagram of QCD Matter
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Phase Diagram of QCD Matter

Temperature 7
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Flow

bare action SA = Fk;—»oo

effective action [ "% _,q
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Flow
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Momentum Flow of the Effective Potential

(Loading movie...)
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pot_broken_k.mp4
Media File (video/mp4)


Phase diagram of the Quark-Meson Model

» chiral order parameter o9 T [MeV]
decreases towards higher 1" and p :

» a crossover is observed at
T~ 175 MeV and =0

» critical endpoint (CEP) at
1292 MeV and T' =~ 10 MeV

» vacuum: o9 = 93.5 MeV,
m., = 138 MeV, m, = 509 MeV, |
oM [MeV]

mg = 299 MeV " 100 200 300

[R.-A. T., N. Strodthoff, L. v. Smekal, and J. Wambach, Phys. Rev. D 89, 034010 (2014)]
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Generation of Mass in QCD
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Temperature Evolution of the Chiral Condensate
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Mass-splitting of Parity Partners
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Heavy-ion Collisions and Photons

as compared to the size of the fireball photons have a long
mean free path

—  leave the interaction zone undisturbed
E. Feinberg 1976, E. Shuryak 1978
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e e~ - annihilation in the vaccum

10 2 E T L e L L B — L B B
; ¢ u,d s ]
B w ]
o 3 loop pQCD E
10 | 0 e Naive quark model -
= p d E
» | ]
B i I .
- & LG e R R e e e e =
H L

I = i -
E ) ! E
B g g Sum of exclusive . Inclusive ]
- o measurements measurements E

10 -1 : I| | 1 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 | L 1 1 1 | 1 1 1 1

05 1 1.5 2 25

invariant mass (GeV/c?)

quarks : Rq:NcZe?:?)(g-l—é—f—é) =2

22/ 42



Vector-meson Selfenergies

p-meson selfenergy
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Spectral Function

(low temperature)
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Photo-absorption as a Test

photo-absorption cross section:

T —
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In-medium p-meson under HIC conditions
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Spectral Function weighted by 1/M
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Dilepton Rates
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Dilepton Rates and the Phase Diagram
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Dilepton Data CERES
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G. Agakichiev et al. (CERES/NA45 Collaboration), Eur. Phys. J. C 41, 475 (2005)

D. Adamova et al. (CERES/NAA45 Collaboration), Phys. Lett. B 666, 425 (2008)
H. van Hees and R. Rapp, Nucl. Phys. A 806, 339 (2008)
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Dilepton Data STAR

Rapp & Adv. Nuel Phys. 25, 1 (2000) Phys. Rept. 363, 85 (2002) ‘ jes ihrough priv. comm. _ ‘ .
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Dilepton Data SPS NAG60
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Dilepton Data SPS NAG60
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Flow Equations for Mesonic Two-point Functions
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Flow of the Sigma and Pion Spectral Functions
in vaccum at g =0

(Loading movie...)
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spectral_flow_vac.mp4
Media File (video/mp4)


Sigma and Pion Spectral Function
with increasing T at u = 0 and ¢ =0

(Loading movie...)
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spectral_T_eps0.mp4
Media File (video/mp4)


Sigma Spectral Function with increasing T at 4 = 0

(Loading movie...)
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sigma_mu0_T_3D.mp4
Media File (video/mp4)


Pion Spectral Function with increasing T at © =0

(Loading movie...)
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pion_mu0_T_3D.mp4
Media File (video/mp4)


Flow Equations for Vector-Meson Two-point
Functions
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p and a; Spectral Function with increasing T
atpy=0and g=0

(Loading movie...)
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vector_T_2.mp4
Media File (video/mp4)


p and a; Mass Flow
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p and a; Pole Masses
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