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© The Basics:
@ The Nature of Dense Matter
@ The Models

© Simulations:
@ Hadronic Matter
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The Nature of Dense Matter
The Models

Motivation

We wish to understand the properties of matter over a
wide range of densities; from single atomic nuclei to
neutron stars.
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The Basics: The Nature of Dense Matter

The Models

What We Know
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The Nature of Dense Matter
The Models

What We Know

What we know:
@ Quarks and Gluons are the fundamental degrees of freedom

@ At low densities, Baryons (Nucleons) are the effective
degrees of freedom

@ At high densities... 77?7 = Hyperons? Quarks? Other?
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The Basics: The Nature of Dense

The Models

Hadronic Models

A Brief Overview

Quantum HadroDynamics (QHD) Model

Quark-Meson Coupling (QMC) Model
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A Brief Overview
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The Basics: e Netinee of Demse Mt

The Models

Hadronic Models

A Brief Overview

Quantum HadroDynamics (QHD) Model
@ Simple description of nucleons immersed in mean-field o,
w, and p potentials,
@ Constructed at the baryon level,

@ Issues with large scalar potentials causing negative effective
masses.

Quark-Meson Coupling (QMC) Model
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A Brief Overview
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The Basics:

The Nature of Dense Matter
The Models

Hadronic Models

A Brief Overview

Quantum HadroDynamics (QHD) Model

Mp = Mp + X% = Mp — g-B(0)

Quark-Meson Coupling (QMC) Model

@ Similar final form as QHD, but with self-consistent
response to the o field, despite construction from quark
level,

@ Better predictions for bulk properties of dense matter, &~
i& o

@ No issues with negative effective masses.
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A Brief Overview
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The Nature o ense Matter
The Models

Hadronic Models

A Brief Overview

Quantum HadroDynamics (QHD) Model

QHD:

Mp = Mp + X% = Mp — g-B(0)

Quark-Meson Coupling (QMC) Model

QMC: " kng in GC’s talk
2
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Hadronic Models

A Brief Overview

In QHD, at Hartree level (mean-field), the scalar self-energy
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The Models

Hyperonic QMC
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The Models

Hyperonic QMC

e Be{pn,AY ", X0 2+ =7 =0 ={N,Y}
o lef{e,u}
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The Basics: e Netinee of Demse Mt

The Models

Hyperonic QMC

o Be{pn, A", 50527, 2% = {N,Y}
o lef{e,u}
o m € {o,w,p}

Couplings:

(3—SB)

3 JuN

9wB =

3

3
539w = 9w = 390.)5

ng:2 2
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The Basics: The Nature of Dense Matter

The Models

Hyperonic QMC

(E/A), =—15.86 MeV,
(Ptotal) ,, = 0.16 fm—> 9oN, YN
(asym) ,, = 32.5 Mev —— g
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The Nature of Dense Matter
The Models

Hyperonic QMC

(E/A), =—15.86 MeV,
(Ptotal) ,, = 0.16 fm—> 9oN, YN
(asym) ,, = 32.5 Mev —— g

Effective masses from Ref. [4]? (previously from Ref. [5]%) derived
from the bag model.

a
Guichon, Thomas, Tsushima: doi:10.1016/j.nuclphysa.2008.10.001

b SUBATEQMIC
Rikovska-Stone, Guichon, Matevosyan, Thomas: doi:10.1016/j.nuclphysa.2007.05.011 S
S
o

s

ten in the Stars



The Nature of Dense Matter
The Models

Hyperonic QMC

Equation of State (EOS) is calculated assuming that

Chemical Equilibrium

pi = B pn, — Qzﬂe
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Hyperonic QMC

Equation of State (EOS) is calculated assuming that
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The Models

Hyperonic QMC

Equation of State (EOS) is calculated assuming that

Chemical Equilibrium

i —\/k2 + (M; +29)2 + 20
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Hyperonic QMC

— T T T T T
> 1 F E
~ E - p+E
g | -
-
S 01k .
Er_. E ]
o — 3zt ]
ey i ]
k7 I ——3
g i
Q 0.01 H B
2k e
- H ]
O Il I
2, t L
177) |
0.001 )
0.0

Mgy

04 0.8 1.2 1.6 2.0 2.4 susai@mic
Density p [fm™] %
L

J. D. Carroll QMC: Written in the Stars



Hadronic Matter

Simulations: Mixed-Phase Matter

Tolman-Oppenheimer-Volkoff

Equations describe a static, spherically symmetric, non-rotating
star, stable against gravitational collapse;
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Hadronic Matter

Simulations: Mixed-Phase Matter

Tolman-Oppenheimer-Volkoff

Equations describe a static, spherically symmetric, non-rotating
star, stable against gravitational collapse;

ar _G(P/02—|—6') (M(r) + 4r37P/c?)

dr r(r—2GM(r)/c?)

M(R) = /OR47T7“2€(7”) dr
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Simulations: Mixed-Phase Matter

Tolman-Oppenheimer-Volkoff

Equations describe a static, spherically symmetric, non-rotating
star, stable against gravitational collapse;
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Hadronic Matter

Simulations: Mixed-Phase Matter

There are issues with experimental constraints

Determining M experimentally is easy™...
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Hadronic Matter

Simulations: Mixed-Phase Matter

There are issues with experimental constraints

Determining M experimentally is easy*... BUT!
There is very little experimental data for R.

J. D. Carroll QMC: Written in the Stars
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Hadronic Matter

Simulations: Mixed-Phase Matter

There are issues with experimental constraints

Determining M experimentally is easy™..
There is very little experimental data for R.

These aren't the data you are looking for...
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Hadronic Matter

Simulations: Mixed-Phase Matter

Hyperonic QMC

TOV solutions
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Hadronic Matter

Simulations: Mixed-Phase Matter

Hyperonic QMC

TOV solutions
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Simulations:

Mixed-Phase Matter

Quark Models

A Brief Overview

MIT Bag Model

Nambu-Jona—Lasinio (NJL) Model
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Quark Models

A Brief Overview

MIT Bag Model

@ 3 quarks in a ‘bag’,

@ Separated from the QCD vacuum by an energy-density B,

Nambu-Jona—Lasinio (NJL) Model
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Quark Models

A Brief Overview

MIT Bag Model

@ 3 quarks in a ‘bag’,
@ Separated from the QCD vacuum by an energy-density B,

o Constant, current-quark masses

Nambu-Jona—Lasinio (NJL) Model
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Quark Models

A Brief Overview

MIT Bag Model

my, =95 MeV, mg =7 MeV, mz; =95 MeV

Nambu-Jona—Lasinio (NJL) Model
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Quark Models

A Brief Overview

MIT Bag Model

my, =95 MeV, mg =7 MeV, mz; =95 MeV

Nambu-Jona—Lasinio (NJL) Model

@ Simple inclusion of DxSB,
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Quark Models

A Brief Overview

MIT Bag Model

my, =95 MeV, mg =7 MeV, mz; =95 MeV

Nambu-Jona—Lasinio (NJL) Model

@ Simple inclusion of DxSB,

o Still a simple model, but more sophisticated,
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gime Doasics: Hadronic Matter
B Mixed-Phase Matter

Quark Models

A Brief Overview

MIT Bag Model

my, =95 MeV, mg =7 MeV, mz; =95 MeV

Nambu-Jona—Lasinio (NJL) Model

@ Simple inclusion of DxSB,
o Still a simple model, but more sophisticated,

@ Constituent-quark masses at low density, current-quark
masses at high density.
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Quark Models

A Brief Overview

MIT Bag Model

my, =95 MeV, mg =7 MeV, mz; =95 MeV

Nambu-Jona—Lasinio (NJL) Model

m; = mg+ ZZ = [y = QG@qwq)
8GN, [ 0(kp — [k)O(A — kp)m,

(2m)3 k2 + mi2

= mq
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Quark Models

A Brief Overview

MIT Bag Model

my, =95 MeV, mg =7 MeV, mz; =95 MeV

Nambu-Jona—Lasinio (NJL) Model

my = Mg+ X5 =mg— 2G<7ﬁqwq>
8GN, [ O(kr — |E])O(A — kp)m}

(2m)3 k2 + mi2

= mq
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Quark Models

A Brief Overview

MIT Bag Model

my, =95 MeV, mg =7 MeV, mz; =95 MeV

Nambu-Jona—Lasinio (NJL) Model

krp=0 : m, =350 MeV, mg = 350 MeV, ms = 450 MeV
ke=A : myu=5MeV, mg=7MeV, mgs =95 MeV
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Quark Models

NJL Effective Masses
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Simulations:

Mixed-Phase Matter

Phase Transitions

The Gibbs Conditions for a phase transition are;
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Simulations:

Mixed-Phase Matter

Phase Transitions

The Gibbs Conditions for a phase transition are;

Gibbs Conditions

o Ty =1Tg — Thermal Equilibrium
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Phase Transitions

The Gibbs Conditions for a phase transition are;

Gibbs Conditions

o Ty =1Tqg — Thermal Equilibrium

® (ui)a = (ni)g — Chemical Equilibrium
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Phase Transitions

The Gibbs Conditions for a phase transition are;

Gibbs Conditions

o Ty =1Tqg — Thermal Equilibrium

o (ui)a = (1i)g — Chemical Equilibrium
° Py =Fg — Mechanical Equilibrium
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Hadronic Matter
Mixed-Phase Matter

Simulations:

Phase Transitions

The Gibbs Conditions for a phase transition are;

Gibbs Conditions

OTH:TQ

— Thermal Equilibrium
® (i)m = (pi)g — Chemical Equilibrium
o Py =1Fg — Mechanical Equilibrium
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Simulations:

Mixed Phase
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Simulations:

Mixed Phase
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Simulations:

Mixed Phase
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Simulations:

Mixed Phase

Quark ——
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Simulations:

Mixed Phase

3 Quark ——
Pressure [MeV fm™] Hadron
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Simulations:

Mixed Phase
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Further Reading I

¥ Carroll
Applications of the Octet Baryon Quark-Meson
Coupling Model to Hybrid Stars (PhD Thesis).
arXiv:1001.4318

@ Carroll, Thomas
The Hyperfine, Hyperonic QMC Model - Extension to
Hartree—Fock I: Infinite Nuclear Matter.
in preparation

@ Carroll, Leinweber, Williams, Thomas
Phase Transition from QMC Hyperonic Matter to
Deconfined Quark Matter.
Phys.Rev.C79:045810, 2009 :
[d0i:10.1103 /PhysRevC.79.045810]
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Further Reading II

@ Guichon, Thomas, Tsushima
Binding of hypernuclei in the latest quark-meson coupling
model.
Nucl. Ph\s A814:66-73, 2008
[d0i:10.1016 /j.nuclphysa.2008.10.001]

@ Rikovska-Stone, Guichon, Matevosyan, Thomas
Cold uniform matter and neutron stars in the
quark-mesons-coupling model.
Nucl.Phys.A792:341-369, 2007
[d0i:10.1016/j.nuclphysa.2007.05.011]
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