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Heaven on Earth
PREX informing Astrophysics
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Color Superconductivity in Quark Matter

At small distance scales QCD becomes asymptotically free
At high densities Color-Coulomb interaction is weak and attractive
At ultra-high densities (u,d,s) quarks are effectively massless

Ground state: color-flavor locked (CFL) superconductor
Pairing Instability “locks” color and flavor (¢fq}) ~ Ae;je*6;

However, if ms >~ ¢ it is unclear the most favorable pairing pattern
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Color Superconductivity in Quark Matter

QCD MADE SIMPLE

uantum chromodynamics,

familiarly called QCD, is
he modern theory of the
strong interaction.! Historic-
ally its roots are in nuclear
physics and the description of
ordinary matter—understand-
ing what protons and neu-

Quantum chromodynamics is
conceptually simple. Its realization
in nature, however, is usually
very complex. But not always.

to the presence or motion o
color charge, very similar to
the way photons respond to
electric charge.

Quarks and gluons

One class of particles tha
carry color charge are the

FRANK WILCZEK

2004 Nobel Laureate
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rons are and how they inter- Frank Wilczek quarks. We know of six differ-
act. Nowadays QCD is used to ent kinds, or “flavors,” o
describe most of what goes on at high-energy accelerators. ~quarks—denoted u, d, s, ¢, b, and t, for: up, down,
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Emergent Phenomena in QCD

QCD MADE SIMPLE

Quantum chromodynamics is fo the presence tion of = FRANK WILCZEK
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flavors. But in the imagined color—flavor locked state they
become correlated. Both color symmetry and flavor sym-
metry, as separate entities, are spontaneously broken,
and only a certain mixture of them survives unscathed.

Color—flavor locking in high-density QCD drasticall
affects the properties of quarks and gluons. As we have
already seen, the gluons become massive. Due to the com-
mingling of color and flavor, the electric charges of parti-
cles, which originally depended only on their flavor, are
modified. Specifically, some of the gluons become electri-
cally charged, and the quark charges are shifted. The elec-
tric charges of these particles all become integral multi-
ples of the electron’s charge!

Thus the most striking features of confinement—the
absence of long-range color forces, and integer electric

orous consequences of color superconductivity. Also,
because both left- and right-handed flavor symmetries are
locked to color, they are also effectively locked to each
other. Thus chiral symmetry, which required independent
transformations among the left- and the right-handed
components of the quarks, is spontaneously broken.

Altogether, there is a striking resemblance between
the calculated properties of the low-energy excitations in
the high-density limit of QCD and the expected proper-
ties—based on phenomenological experience and mod-
els—of hadronic matter at moderate density. This sug-
gests the conjecture that there is no phase transition sep-
arating them.

Unfortunately both numerical and direct experimen-
tal tests of this conjecture seem out of reach at the
moment. So it is not certain that the mechanisms of con-
finement and chiral-symmetry breaking we find in the
calculable, high-density limit are the same as those that
operate at moderate or low density. Still, I think it aston-
ishing that these properties, which have long been regard-
ed as mysterious and intractable, have been simply—yet
rigorously—demonstrated to occur in a physically inter-
esting limit of QCD.

I have tried to convince you of two things: first, that
the fundamentals of QCD are simple and elegant, and sec-
ond, that these fundamentals come into their own, and
directly describe the physical behavior of matter, under
various extreme conditions.




The Anatomy of a Neutron Star

Atmosphere (10 cm): Shapes Thermal Radiation (L=4ncR>T*)

Envelope (100 m): Huge Temperature Gradient (108K < 10°K)
Outer Crust (400 m): Coulomb Crystal (Exotic neutron-rich nuclei)

Inner Crust (1 km): Coulomb Frustration ("Nuclear Pasta”)

Outer Core (10 km): Uniform Neutron-Rich Matter (n,p,e,u)
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Inner Core (?7): Exotic Matter (Hyperons, condensates, quark matter)
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The Composition of the Outer Crust
High sensitivity to nuclear masses

8 System unstable to cluster formation
e BCC lattice of neutron-rich nuclei imbedded in e-gas

8 Composition emerges from relatively simple dynamics
® Subtle composition between electronic and symmetry energy - q& :

3
EiAw = NN Z) LA 4Y4/ 3kp + lattice

8 Precision mass measurements of exotic nuclei is essential

® Both for neutron-star crusts and r-process nucleosynthesis
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PHYSICAL REVIEW C 93, 014311 (2016)

S

Nuclear mass predictions for the crustal composition of neutron stars:
I I I e e t S A Bayesian neural network approach

R. Utama,” J. Piekarewicz," and H. B. Prosperi
Department of Physics, Florida State University, Tallahassee, Florida 32306, USA

 Use DFT to predict nuclear masses
8 Train BNN by focusing on residuals

MIN. 2 MoialN 2 4 sMeunlN.Z)

8 Systematic scattering greatly reduced
8 Predictions supplemented by theoretical errors
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Image Reconstructions meets BNN

Nature p
Models

rovides precise image of the world

DFT) aim to reproduce such image

mage reconstruction (BNN) provides fine tuning




The Composition of the Inner Crust
Universal Phenomenon: Coulomb Frustration

Emerges from a dynamical competition:
Between short-range nuclear attraction and long range Coulomb repulsion

Impossibility to minimize all elementary interactions

Simple to understand
Emergence of mu

Universal in comp

in the case of “geometric” frustration

titude of competing “quasi” ground states

ex systems

Atomic nuclei, spin glasses, protein folding ...

Results in the emergence of complex topological nuclear shapes
“Nuclear Pasta’

J




Universality of Coulomb Frustration:
The two-dimensional electron gas

Theorem: In the presence of long range Interactions
V(r)~r~*no phase transition is possible for d— 1< a <d
Rather, in place of the putative first-order phase transition
there are intermediate micro emulsion phases.

A sequence A sequence

of more of more
Blue  Bubbles; complicated | gyines | COmPlicated Bupbles; Green
phase of green Patterns. patterns.  of blue | phase




How to Smell the Nuclear Pasta?

8 Coulomb Crystal to Fermi Liquid transition mediated by nuclear pasta
8 Experimental and observational signatures have proved elusive

& On Earth: Low-energy Hl-collisions produce dilute neutron-rich matter
However, produced matter is “warm” require model extrapolations

8 On Heaven: Lack of isolated X-ray pulsars with long periods observed
Magnetic fields with B>= 1013 G suggest longer periods (P =12 seconds)
Higher Resistive Layer (“Nuclear Pasta”) decreases electrical conductivity
Decrease in electrical conductivity quenches the magnetic field
Magnetic-field quenching hinders dipole emission limiting spin period

Iliﬁufe' ARTICLES VOLUME 86, NUMBER 25 PHYSICAL RE’
p YSICS PUBLISHED ONLINE: 9 JUNE 2013 | DOI:10.1038/NPHYS2640 -

A highly resistive layer within the crust of X-ray
pulsars limits their spin periods

José A. Pons'*, Daniele Vigand' and Nanda Rea?

The lack of isolated X-ray pulsars with spin periods longer than 12 s raises the question of where the population of evolved
high-magnetic-field neutron stars has gone. Unlike canonical radiopulsars, X-ray pulsars are not subject to physical limits to
the emission mechanism nor observational biases against the detection of sources with longer periods. Here we show that a
highly resistive layer in the innermost part of the crust of neutron stars naturally limits the spin period to a maximum value
of about 10-20 s. This highly resistive layer is expected if the inner crust is amorphous and heterogeneous in nuclear charge

ossibly owing to the existence of a nuclear ‘pasta’ phase. Our findings suggest that the maximum period of isolated X-ray
pulsars may be the first observational evidence for an amorphous inner crust, whose properties can be further constrained by
future X-ray timing missions combined with more detailed models.

However, if skin is too thin, transition density is very high!



