Cold and dense
CD matter
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Atom




Cuantum Chromo! ynamics

Atom Nucleon




Quantum ElectroDynamics
U(1) gauge theory
Electron Photon
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Cluantum Chromo! ynamics
SU(3) gauge theory

Quark Gluon
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® Asymptotic freedom
® Confinement




Asymptotic freedom

D. Gross, H. Politzer, FE. Wilczek 2°°4
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Confinement
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Confinement
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Cuantum Chromo! ynamics

Confinement
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Chiral symmetry

= a symmetry of massless quarks
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Chiral symmetry breaking




Chiral symmetry breaking

Quarks ~71-7MeV
Nucleon ~ 940MeV ’ S

- 4 . v » »
fadti 3k - 3 o - )
= - s
2 5 ) : s ek
- & - -
A

- Aees
LY
"'y s, L AT I




Chiral symmetry breaking

° Light pion as Nambu-Goldstone boson
Quarks ~171-7MeV

Nucleon ~ 940MeV o0




What happens
In Extreme




Water Iin extreme
condition

Hot




Water Iin extreme
condition

Hot
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Water In extreme
condition

Hot Dense, cold

100°C




Water In extreme
condition

Hot Dense, cold




Phase diagram of water




QCD in Extreme Conditions




QCD in Extreme Conditions

Hot




QCD in Extreme Conditions

Hot Dense
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QCD in Extreme Conditions

Hot Dense
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QCD Phase diagram




QCD Phase diagram
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QCD Phase diagram




QCD Phase diagram

Wikipedia Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

Solid crust
~1 mile thick

quark matter?

Heavy liquid interior

Mostly neutrons,
with other particles
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QCD Phase diagram

Lattice
QCD




QCD Phase diagram

) 2 e

Lattice
QCD




QCD Phase diagram
q s g | ,

Lattice
QCD




From dilute to dense




Nuclear matter
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More dense..
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Is this matter deconfined?




Is this matter deconfined?

Ordinary scenario: Yes.
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Ordinary scenario: Yes.




Is this matter deconfined?

Ordinary scenario: Yes.
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Is this matter deconfined?




Is this matter deconfined?

New scenario: No!




Is this matter deconfined?

New scenario: No!

There is a window of confined matter
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Is this matter deconfined?

New scenario: No!

There is a window of confined matter




Cuarkyonic matter

O R ~ 1/Aqcp :Scale of QCD

™M p :Scale of Screening
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Cuarkyonic matter

0 R ~ 1/Aqcp :Scale of QCD

™M p :Scale of Screening




Cuarkyonic matter

Larry McLerran and Robert Pisarski (2007)

Pz

Quark Fermi sea




Cuarkyonic matter

Larry McLerran and Robert Pisarski (2007)

Pz

Quark Fermi sea
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How about chiral
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Chiral symmetry

@Ew Order parameter




Chiral symmetry

<77b¢> Order parameter




Chiral symmetry?

Consider quarkyonic limit, © > Aqcp
E




Chiral symmetry?

Consider quarkyonic limit, © > Aqcp
E




Possible pairing patterns




Possible pairing patterns

Dirac Type
E




Possible pairing patterns

Dirac Type
E




Possible pairing patterns

Dirac Type Exciton Type
E
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Possible pairing patterns

Dirac Type Exciton Type Density Wave Type
E E
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Consider near a Fermi surface at p- = pr

D=

PT = Pz, Py
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Consider near a Fermi surface at p- = pr

Pr  Aqcp

_— NN\

L2 Lt

<1

Transverse component
can be neglected.
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PT = Pz, Py




Consider near a Fermi surface at p- = pr

P A
T~ 2P«
L2 Lt

Transverse component
can be neglected.
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Consider near a Fermi surface at »- = pr
D2

P A
T~ 2P«
L2 Lt

Transverse component
can be neglected.

PT — Pxy Py
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PT — Pxy Py




Quarkyonic chiral spirals

1. Kojo, Y.H., L. McLerran, and R. Pisarski
Nonuniform condensation realizes.

() = Ccos(2uz)  (py°43) = C'sin(2uz) C=const
Chiral symmetry:

Quarkyonic Chiral Spiral

locally broken,
globally restored.

Baryon number is spatially
const.
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Summary
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Triple Pcirit
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