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Brief Review of Large N
N, — o0 g°N, finite

Mesons: quark-antiquark, noninteracting, masses ~ AQCD

Baryons: N quarks, masses M ‘NCAQCD, baryon interactions ~ N,

Spectrum of Low Energy Baryons:
Multiplets with | = J; 1,J =1/2 -> 1, = N/2

Mp(I,J) ~ Mn( + OU*/Ng, J?/NZ, IT/NZ))
Ma — My ~ Ajcp/Ne

eB—MB)/T — 0 if ug < Mp

The confined world has no baryons because baryons
are very massive!



Confinement at Finite Density:

VW\_mMM g2NCT2 ~ Q{NT2

Generates Debye Screening => Deconfinement at Tc

po = uB/NC Quark loops are always small by 1/N_c

For finite baryon fermi energy, confinement is never affected by the
presence of quarks!

T _c does not depend upon baryon density!

Confinement remains to very high baryon number density



Finite Baryon Density:

eB—MB)/T — 0 if ug < Mp

No baryons in the confined phase for

up < Mg

For B >> Mp (g >> Agep) weakly coupled gas of quarks.

Unconfined World
O(INZ)

If T<T_c, nofree

gluons, degrees of
freedom are ~ Nc

Quarkyonic Matter:

Confined World
O(1)

Quarkyonic
World

Confined gas of
perturbative quarks!

O(Ne) Confined mesons and

glueballs

M B

Confined: Mesons and Glueballs
Quarkyonic: Quarks, Mesons, Glueballs

Unconfined: Quarks and Gluons



Some Properties of Quarkyonic Matter

Quarks inside the Fermi Sea: Perturbative
Interactions => At High Density can use
perturbative quark Fermi gas for bulk properties

At Fermi Surface: Interactions sensitive to infrared
=> Confined baryons

Perturbative high density quark matter is chirally
symmetric but confined => violates intuitive
arguments that confinement => chiral symmetry

Quarkyonic matter appears when

UB — MB (MQ =5 330M6V)

(Can be modified if quark matter is bound by
interactions. Could be “strange quarkyonic
matter™?

Seems not true for N = 3)



Guess for Realistic Phase Diagram for N = 3

Will ignore not include effects of Color Superconductivity

Number of degrees of freedom:
Confined
3-8 Goldstone Bosons
T
Unconfined

Unconfined 40-50 gluons, quarks and
200 MeV | == = antiquarks

Quarkyonic

Confined 12-18 quarks +

\ 3-8 Goldstone Bosons

\
Quarkyonic

‘ 1B

1 GeV



Width of the Transition Region:
kr ~ Agcp

Baryons are non-relativistic: kg /My ~ v ~ 1/N,
up ~ My +k%/2My ~ N.Agop(1 + O(1/N2))

pq ~ Agep(1+ O(1/N7))

Nuclear physics is in a width of order
1/N garound the baryon mass!

Nuclear matter is non-relativistic, and
there is a narrow transition between
confined and quarkyonic world



A PNJL model in large N, With Redlich and Sasaki

e thermodynamic potential: (N. x N, matrix L)  [Fukushima, Ratti et al |
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= In [1 +30e~ (E-w/T 4 3p—2AE—p)/T o —3(E—p)/ T]

at low temperature ® ~ 0 and “baryons” contribute to thermodynamics
= model mimics confinement

e "baryons’ are very massive: suppressed for M > yi. then for y > M7



Phase diagram for various N,
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weak chiral transition along quarkyonic line, might be destroyed by effect
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e for large but finite N, = 350, 400
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= appearance of a CEP associated with Z(N.) symmetry



Finite Nc, Nf/Nc fixed

Number of states for the lowest mass eNCF(Nf /N¢)
baryon with | = 1/2and J = 1/2
symmetric
~ pNeF(Ng /[Ne)+pup/T—Mp/T
antis ' PB &
ymmetric
Confinement is not an order
Antisymmetric in color => parameter
Symmetric in spin-flavor Baryon number is
T
Phases are baryonless and
T guarkyonic
Approximately:
Confined Nf
Quarkyonic Nc Nf
[ HQ De-confined Nc Nf + Nc2

A/IN / "Nc
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Decoupling probably occurs along at low T probably occurs between
confined and quarkyonic worlds. Consistent with Cleymans-Redlich-
Stachel-Braun-Munzinger observations!



Experiment vs. Lattice

Lattice “transition” appears above freezeout line? Schmidt ‘07

N.B.: small change in Tc with p?
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Have we already seen the Quakryonic phase

boundary, and the Triple Point?
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Dashed line indicate simple models of

deconfinement and quarkyonic transition
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Measured abundances fall on
curve with fixed baryon
chemical potential and

temperature at each energy:

suggests a phase transition
with a rapid change in energy
density

High density low T points
deviate from expectations of
deconfinement transition



Marek’s Horn is near position of a triple point. Well
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At the triple point is where the
matter changes between baryon rich
and meson rich:

[ T T L [ T T FrTT LI T
__ Total —_
—. Mesons ]
| -7 |

| -
I 4 ]
q-
IV _
A Baryons
| I ..................................... B
| _

1
. i
/. —

] | |1 | | | | | | | | 1 | | | |1 | | | |1 | | | |1 | | | | 1| | | |1 | | | |1 | |

10 20 30 40 50 60 70 80 90

Vs (GeV)

100

0.18

0.16

0.08

0.06

Peaks in strangeness
abundance are qualitatively
understood as due to a triple
point:




The Non-Perturbative Fermi Surface: T. Kojo, Y. Hidaka, R.
Pisarski and L. McLerran

Deep in the Fermi sea, a momentum of order the Fermi momenta must
be exchanged in interactions

as(pug) <<1

Near the Fermi surface, 0K < AQCD interactions are strong

Excitations are confined and color singlet

(Mb << Aacp << )

hadronic excitation ? —

q

color singlet
—

— deconfined quarks




E =up+ AE, particle, kp ~ up If form a bound state with
E=ug— AEFE, hole, kp ~ —up negative biding energy =>

antiparticle, E = ug + AE kg ~ upg Chiral condensate

Condensate breaks translational invariance => crystal

Chiral symmetry breaking of order
2 2
AQCD/MQ
Quarkyonic phase at most weakly breaks chiral symmetry

* Candidates which spontaneously break Chiral Symmetry

Dirac Type Exciton Type Density wave

P1ot=0 (uniform) P1ot=0 (uniform) Prot=21 (nonuniform)

| nno



The Quarkyonic Chiral Spiral:

Near Fermi surface, theory dimensionally reduces to 1+1 D ‘t Hooft model
2Nc “Goldstone Bosons”
Translationally non-invariant chiral condensate
Condensate breaks parity and induces a periodic electric field

Implications for structure and cooling of neutron stars

-Chiral rotation evolves in the longitudinal direction:
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M. Sadzikowski, Phys. Lett. B642, (2006), 2006
with pion condensates
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