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Quark Deconfinement — Maxwell Transition

* |f surface tension between hadronic
and quark matter phases is high
(x > 70 MeV/fm?)

Pure 3-flavor quark
» Constant pressure phase matter inner core —'
transition favored Sharp quark-hadron —p

interface (Maxwell)

* Maxwell condition for phase Hadronic outer core,
ilibri Be{n,pAZH202,20 = -
equilibrium
Pu(pn, T=0) = Pq(pn, T=0) Crust =——

* Local charge neutrality

» Sharp interface between pure
hadronic matter and pure quark
matter




Phase Transition — two conserved charges

Glendenning, PRD 46 (1992) 1274
Phys. Rept. 342 (2001) 393

PH(Nnv He, {w}) — PQ(:“H: He, {Q})

Gibbs transition

pure quark phase

ure
adronic




Quark Deconfinement— Gibbs Transition

* |f surface tension between hadronic
and quark matter phases is low
(ot < 70 MeV/fm?)

Pure 3-flavor quark

* Gibbs condition for phase _
et . matter inner core?
equilibrium ' “
Pu(pn,He, T=0) = Pq(pn,He, T=0) s +//

mixed phase (Gibbs)

* Global charge neutrality Hadronic outer core,
Be{n,p,AZ,202,20=
* Quark-hadron mixed phase Crust =——

y=Vo/V—>0<y<1

* Must simultaneously solve
hadronic and deconfined quark
nonlinear systems



e 04
eees

Phase Transition — two conserved charges

ure

Gibbs transition
PH(,Una He, {¢}) — PQ(:Una HMe, {C]})

Glendenning, PRD 46 (1992) 1274
Phys. Rept. 342 (2001) 393

pure quark phase



Phase Transition — two conserved charges

. og e Glendenning, PRD 46 (1992) 1274
Glbbs tranSItlon Phys. Rept. 342 (2001) 393
PH(Hn: He, {w}) — PQ(:Una HMe, {C]})
P

pure quark phase
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Nuclear Lattice Case (electrons + heavy atomic nuclei)

Lamb, Lattimer, Pethick, Ravenhall (1981)

Ravenhall, Pethick, Wilson (1983)
Williams, Koonin (1985)

e e

o0 @

* Density range: 1014 g/cm3 < p < 1.5 x 1014 g/cm3
* Shapes: spheres, rods, slabs

* Electron chemical potential: ye ~ 80 MeV

* Atomic number:Z ~ 50

* Radius of Wigner-Seitz cell: R ~ 18 fm

e Radius of rare phase structure: r ~ 9 fm

* Melting temperature: Tmeit=(Z €)2/ (R ke I'meit) ~ 1.3 x 1010 K

Haensel Kaminker, Yakovlev (1996)
Yakovlev, Kaminker (1996)

Kaminker, Pethick, Potekhin, Thorsson, Yakovlev (1999)



Quark-Hadron Lattice Case (blobs)

A NN
e e

Density range: p = 7.5 x 1014 g/cm3 (3 times nuclear saturation)
Electron chemical potential: pe ~ 140 MeV

Atomic number: Z ~ 200

Radius of Wigner-Seitz cell: R ~ 12 fm

Radius of quark blob: r ~ 8 fm

Melting temperature: Tmet=(Z e)2 / (R ks 172) ~ 4 x 1011 K



Models for the Nuclear EOS
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Hadronic Equation of State

» Standard RMF nonlinear system

M2G + bamngon (9oNG)” + Cogon (9onF)” — Y gonn =0

meson B
field Mm@ — ZngnB =0
equations 8

msp — ngBISBnB =0
B
ZanB - Z"'\ =0
B A
n— ZTLB =0
B

B — (/"n - (IUI‘-c) =0

» System variables: 7, @, p, kn, ke
* Meson-baryon coupling constants: gis(n) = gin(no), bs, ¢,




* DDRMF: density-dependent meson-baryon coupling constants
7= 2 9onnE =0
B
miw — ZngnB =0
B
miﬁ — ngBI:%BnB =0
B
>_nBis =) =0
B A
n — Z ng =0
B

pup — (tn — qBtte) =0

o System variables: 7, @, p, kn, ke, kg, B € {p, A, X, E, A}
* Meson-baryon coupling constants: gig(n) = gip(no)hi(x), z =n/ng

1—|—b(:c+d)

hz(x)_ 1‘|‘Cz($—|—d)27

i € {o,w} h,(r)=-exp|[—a,(x—1)]



Deconfined Quark Matter

* Deconfined quark matter modeled using the nonlocal three-flavor Nambu-
Jona-Lasinio (n3NJL) model

* Thermodynamic potential QN

NL 3 b " dk 7y -
0 (‘\!‘Tz()'p)=—”—32]: A dkq : dk In [p!+.\f}(p!)]p}+m}

Vij-m3
_’%Z/O dk k? [(uy — Eg)0 (g — my))]
s

-12(53+‘§32)+’13$s oy
2!”2f g T A e — 4Gy

* n3NJL nonlinear system, f € {u, d, s}

I T NL
System Variables: oy, Wy, kn, ke a;;a 2,4 G584 JHES, =0
!

if vector interaction included, Gy > 0 ——

acyNL aryNL
()Q_ = Wy —2CVOQ = ()
Owy Opy

Zn;q; +Zn,\q,\ = ()
f A
n- :',z:nf = ()
/

M. Orsaria et al; Blaschke et al., Sedrakian et al., Lugones et al., Kashiwa, Hell & Weise, ...



Coupling Constants and Constraints on EoS

1. Properties of symmetric nuclear matter at saturation density, no

E/N, m*, K, J, L

2. Hyperons (Y)
Scalar meson-Y coupling constants: XoY

Ua=-28 MeV, Uz=—18 MeV, Uz=+30 MeV

Vector meson-Y coupling constants: XY

SU(3) flavor symmetry

SU(6) spin-flavor symmetry (quark counting model)
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A ® _ue
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Dover & Gall (1984), Schaffner-Bielich et al. (1994), Weissborn et al. (2013),

Miyatsu et al. (2013), Oertel et al. (2015)

Isovector meson-Y coupling constants: xpy
Lynch et al. (2009), Weissenborn et al. (2012), Miyatsu et al. (2013)

3. Deltas (A)

Coupling constants: XoA, XmA, XpA
Drago et al. (2014): —30 MeV+UN(no) < UA(no) < Un(no),

0 < XoA—XwA< 0.2

Kolomeitsev et al (2017): Un(no) < Ua(no) < 2UN(no)/3,

Ua(no)= —50 MeV (see also Riek et al. (2009))

XoA=XoA=1.1, xpA=1.0

4. Heavy lon collisions

Lynch et al. (2009), Danielewicz et al. (2002)



Mass-Radius Relationship
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Quark-Hadron Composition

DD2 Parametrization
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Gibbs Transition

Nucleons Only
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* Onset of quark 200
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W. Spinella (2017)



Gibbs Transition

Nucleons Only Hyperons Hyperons+As

* Onset of quark
deconfinement at
~3t0 4.5 no

[MeV]
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W. Spinella (2017)



* 35-50% quark matter in
mixed phase core

W. Spinella (2017)

Gibbs Transition

M/ M ®
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Maxwell Transition

Nucleons Only Hyperons Hyperons+As
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Back to Quark-Hadron Lattice
Roadmap

e Surface tension

e Blob size

* Charge number
e Neutrino emission rate

o Static lattice contribution

o Phonon contribution



Surface tension of the quark-hadron interface

a(x) = nLleqg(x) — ea(X)]

L ~11im
n~ O(1)

a < 55 MeV fm™?

Yasutake+ (2014), Palhares & Fraga (2010),
Pinto, Koch, Randrup (2012), Mintz+ (2013)



Surface tension a in the quark-hadron mixed phase

DD2 Parametrization
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Coulomb and Surface energy densities

Glendenning ‘92

ec = 2me? [qu(x) — aQ(X)]* r’zfp(x)
es = Dxa(x)/r

QH(QQ) : Hadronic (Quark) phase charge density
7" : radius of rare phase structure
D : dimensionality of the lattice (D=1,2,3)

1 1

o) = 575 1 53

(2—Dz'=%P) 4 ¢



Rare phase structure size, charge, number density

Glendenning ‘92

5’(60 —+ 65)

leads for the size of the
or

Minimizing

rare phase to:




rand R [fm]

Radius of the rare phase structure r and Wigner-Seitz cell R in
the quark-hadron mixed phase

DD2 Parametrization
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Spinella, FW, Orsaria, Contrera (2018)



Back to Quark-Hadron Lattice
Roadmap

e Neutrino emission rate

o Static lattice contribution

o Phonon contribution



Static Lattice Contribution to Neutrino Emissivity

L (1— g2 |F()? :5”“‘,:’

Lg=— I(yKv tV) G_QW(K)
127 = y%{ le(K)|?
(K<2ke) Pethick & Thorsson (1999)
y%( Kaminker+ (1999)
L= 2 1y, tv)
K#0 'V

W(K): Debye-Waller factor

I(yk,ty) : see eq.(39)in Kaminker et al., AA 343 (1999) 1009

yx = K/(2k.)

tv = kpT/ [|[V(K)|(1 - yik)]



Definitions

Debye-Waller factor:

W(q) = %Eé (1.399 e -ty 412,972 tp) spherical blobs
0 rods and slabs

tp = T/ 1y

7, = M

A Z2e2ny,
mp

(1 = 4’)2 k(z/ (k.BTl},TI'l.b)

F(q) = (ng) sin(qR) — qR cos(qR)]
Vig) = Amepz F'(q) e—W(a)

q*€(q)



Number of scattering vectors that satisfy the condition K<2ke

DD2 Parametrization
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Spinella, FW, Orsaria, Contrera (2018)



Static lattice and phonon contributions to the neutrino emissivity

T=1010 K
DD2 Parametrization
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Phonon Contribution to Neutrino Emissivity

1 2 2
Sett (q)|F'(q)] < 2y )
L :/ dy 14 Iny
P yle(q,0)|? 1 —y?

Kaminker+ (1999)
Baiko+ (1998)

Definitions:

y = q/(2ke) lq| > q0 = (67°n )1/3

_ow 1 — 408 +808% (g
Serr(q) = 189 ( ) / (1 + 4€2)° cosh? (7€) (e 1>

hq? cos (wst
B(¢) = o)
2my, \ wssinh (hws /2kpT)
(...) : averaging over phonon

£ = thT/h frequencies and phonon
modes



Temperature below which Umklapp processes are frozen out
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Neutrino Emissivity

eI~ 5.37 x 1020 nTSZ?\L)erg s~ tem ™S

Haensel+ (1999)

L= Lstatic lattice (sl) + Lphonon (ph)

nph A~ 4.81 x 107 k T§J lergs™" cm ™

Pethick & Thorsson (1997)



Neutrino Emissivity [erg/s/cm3]

Mixed Phase Neutrino Emissivity

Nucleons Onl Hyperons Hyperons+As
y , DDZ ggra)met’r!zavt!qn yp

[ U ———— S
T=1010 K Blobs Rods Slabs Rods Blobs DU: Direct Urca

1035
1030
10250
1020:
1025}
102}
10150
1010»
1020'
10%3]
1010F°

10°

n— pte +tv

MU: Modified Urca

n+p— p—i—p—i—e‘—i-:/

NPB: Nucleon Pair Braking

MPB: Mixed Phase
Bremsstrahlung

e+ (ZA) > e+ (ZA)+v+v

1015
10"
105 Ny

o A A F—" hedh A A " All A J—— o — A hedh F— Ja—— -
10O. 0.2 04 06 0.8 00 0.2 04 06 0.8 0.0 0.2 0.4 0.6 0.8 1.0
W. Spinella, FW (2017)
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Rotating Neutron Stars

Friedman, Ipser & Parker (1986)

Q Metric:
+ e2(aP) (dr2 + 12 d92) """"""""""""""" e

0O Frequency range: <\
0<Q<Qk VM O

Newtonian

limit

O Kepler (mass shedding) frequency:
QK =11 evoP Uk + No

Q Differential rotation/uniform rotation

» Stellar properties: M, Ryoie, Requators 1, Zpole, Zequator, £



Core Composition of a Rotating Neutron Star
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Summary L

» Gibbs Phase Transition
» Quark-Hadron Lattice
> Blobs, Rods, Plates

» Bremsstrahlung

» Neutrino emissivity (static lattice, phonon scattering)

» Possible Observables: Glitches, Cooling (MXB 1659-297)



