When a man is old, he must do more than when he was young. Johann Wolfgang Goethe

What is the Evidence for Dense Quarkyonic Matter

L. McLerran, INT Seattle (Emeritus)
with
Kohei Fujikura, Yoshimasa Hidaka Etsuko Itou (Yukawa Institute), and Kenji Fukushima (Tokyo)

Quarkyonic Matter is High Baryon Density Matter that simultaneously
exhibits properties of a confined system and a deconfined system

At large N_c, the Debye screening length goes like
)\Debye -V NC/EF
So that
ADebye < Agcp => Erp > v/ N.Agcp

Typicalinteractions inside the Fermi sea are weak, but at the Fermi surface interactions
can be sensitive to the infrared, and are confined

Quarkyonic matter is relativistic and the transition to quarkyonic matter can generate
sound velocities with an excess

vZ >1/3
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Neutron Star Eos
(Extracted from observed from mass, radii and deformability)
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If quark degrees of freedom become important, should be approaching scale invariance (massless-ness)

One measure of this is the trace of the energy momentum tensor, which is zero for a scale invariant system:
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The derivative term generates
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Comparisons of lattice computations of finite density matter
for two color QCD, for three colors at finite isospin density and
neutron star results




How does one understand the onset of quarkyonic matter: Kojo

folg) =

&3k
— K
(2m)°

N(qg—k/Nc)fp(k)

KN (q) is the probability to find a quark of momentum ¢ in the nucleon

f are phase space distributions for quarks and nucleons: n = g/

If we take a Fermi-Dirac distribution: fB(k) = 9(#}3 — k)
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Increasing baryon chemical potential results in increasing
occupation of quarks at g =0: butthe occupation density
cannot be larger than 1

At some density the Fermi-Dirac distribution for nucleons
must be strongly modified

This is Kojo Filling Criteria KFC

For reasonable probability distribution this occurs close
to nuclear matter density
Quarkyonic Saturation



At very high density, the width of the baryon number distribution becomes large compared
to the width of the quark probability distribution

1
3
NC
This works for an ideal gas of nucleons where for a particular probability distribution,
the theory may be solved exactly: Idyllig Model

fo(k) =1~ N.fp(Ncq) => fp(Neq) =

Fujimoto, Kojo, McLerran
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Canwe see this in QCD like systems:

2-D 2 colorQCD  Fujikura-Hidaka
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All go rapidly to Stephen-Boltzman
limits for quark densities:

But in first two case there is
compelling data and arguments
that the systems are confined
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In 1+1 dimension, density barely effects Debye
mass and theory is confined for all densities

2 92
Mp ~ ﬁln(u/g)
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Kojo scenario sets in at very low density

=0.5
]_,l]' I T.:TI/E i m——— o
0.8} — —
0.6} |
g
3
(0.4 _— = free t.hEDI'}T (cﬂntinuum] il
ook £/ free theory (lattice)
— QC:D,
| ]

08002 04 06
ng/g

0.8

1.0

ﬂllj-l'.g 0.1
ngfg = 0.2
().8- \ » mmfg=03
',I I. » T ll_i-,"g 0.4
0.6 - . *omefe=05
= I'. . = nglg=056
= .
(.41 \ '
(0.2- . \
m &‘—-ﬁw

1.0

0.0
(

There is no condensationin 1+1d

computation, and it can be generalized,
to general N_c, with increasing
computational difficultyas N_c
increases
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Quarkyonic Matter provides a simple and natural explanation of
the hard equations of state required to describe neutron stars.

Lattice computations appearto
support the Quarkyonic Hypothesis

In spite of system being strongly
interacting, and confined, the phase
space density of quarks saturates
and tends to Steffan-Boltzman
values. This transition generate large
sound velocities. Fortheories with
condensation, the rise in sound
velocity is driven by condensates.

The saturation of sound velocity
seems to correspond to formation of
Quarkyonic matter.

Need Wilson loop information for
iIsospin density theories.
Need information on quark phase
space densities for 3+1 d theories
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