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Phase Transition — one conserved charged

!n

Maxwell transition
PH(µn, { }) = PQ(µn, {q})
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Phase Transition — one conserved charged

Maxwell transition
PH(µn, { }) = PQ(µn, {q})
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Quark Deconfinement — Maxwell Transition
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Phase Transition — two conserved charges

PH(µn, µe, { }) = PQ(µn, µe, {q})
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Phys. Rept. 342 (2001) 393
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Quark Deconfinement— Gibbs Transition
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Phase Transition — two conserved charges

Gibbs transition
PH(µn, µe, { }) = PQ(µn, µe, {q})
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Glendenning, PRD 46 (1992) 1274
Phys. Rept. 342 (2001) 393

0 ≤ ! ≤ 1

e- + (Z,A)  →  e- + (Z,A) + ν + ν-
Mixed Phase Bremsstrahlung (MPB):



Nuclear Lattice Case (electrons + heavy atomic nuclei)

• Density range: 1014 g/cm3 ≲ r≲ 1.5 x 1014 g/cm3 

• Shapes: spheres, rods, slabs

• Electron chemical potential: "e ∼ 80 MeV

• Atomic number: Z ∼ 50

• Radius of Wigner-Seitz cell: R ∼ 18 fm

• Radius of rare phase structure: r ∼ 9 fm

• Melting temperature: Tmelt = (Z e)2 / (R kB Gmelt) ∼ 1.3 x 1010 K

Haensel Kam inker, Yakovlev (1996)
Yakovlev, Kam inker (1996)

Kam inker, Pethick, Potekhin, Thorsson, Yakovlev (1999)

Lamb, Lattimer, Pethick, Ravenhall (1981)
Ravenhall, Pethick, Wilson (1983)
Williams, Koonin (1985)



Quark-Hadron Lattice Case (blobs)

• Density range:   r≳ 7.5 x 1014 g/cm3 (3 times nuclear saturation)

• Electron chemical potential: "e ∼ 140 MeV

• Atomic number: Z ∼ 200

• Radius of Wigner-Seitz cell: R ∼ 12 fm

• Radius of quark blob: r ∼ 8 fm

• Melting temperature: Tmelt = (Z e)2 / (R kB 172) ∼ 4 x 1011 K



Models for the Nuclear EOS
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Dyson equation Self-energy Hartree Fock
(Walecka)



Hadronic Equation of State



• DDRMF: density-dependent meson-baryon coupling constants

�̄, !̄, ⇢̄, kn, ke, kB , B 2 {p, ⇤, ⌃, ⌅, �}

X

B

nBqB �
X
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n� = 0

n�
X

B

nB = 0

hi(x) = ai
1 + bi(x+ di)2

1 + ci(x+ di)2
, i 2 {�, !} h⇢(x) = exp [�a⇢ (x� 1)]
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B
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S
B = 0

µB � (µn � qBµe) = 0chemical equilibrium

giB(n) = giB(n0)hi(x), x = n/n0

• System variables: 
• Meson-baryon coupling constants:



Deconfined Quark Matter

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, n0

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

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

• UL=-28 MeV, UX=-18 MeV, US=+30 MeV
Vector meson-Y coupling constants: xwY

• SU(3) flavor symmetry
• SU(6) spin-flavor symmetry (quark counting model)

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: xrY

• Lynch et al. (2009), Weissenborn et al. (2012), Miyatsu et al. (2013)

3. Deltas (D)
Coupling constants: xsD, xwD, xrD

• Drago et al. (2014):  -30 MeV+UN(n0) < UD(n0) < UN(n0), 
0 < xsD-xwD< 0.2

• Kolomeitsev et al (2017): UN(n0) < UD(n0) < 2UN(n0)/3, 
UD(n0)= -50 MeV (see also Riek et al. (2009))
xsD=xwD=1.1, xrD=1.0

4. Heavy Ion collisions
• Lynch et al. (2009), Danielewicz et al. (2002)

Lattimer et al. (2013)
Danielewicz et al. (2014)

Hagen et al. (2015)



p,n

p,n,Y (ESC08)

p,n,Y,D

p,n,Y,D

Drago et al. (2014) 
Wehrberger et al. (1989)

Mass-Radius Relationship

PSR J0348+0432

Lattimer et al. 
(2014)
Monte Carlo sampling

Hambaryon et al. 
(2014)
RXJ 1856.5-3754

R [km]

Bogdanov et al. (2014)
J0437—4715
• yellow: 1s
• green: 2s
• purple: 3s

Reardon et al. (2016)
• Mass range

Özel et al. 
(2010)
NS binaries

Steiner et al. (2010)
Bayesian analysis using
LMXBs M-R
• dashed: 1s
• solid: 2s

W. Spinella (SDSU, 2017)

Bauswein, Just, Janka, Stergioulas, 
(2017) 
GRB170817 Abbott et al.

(2017)



Quark-Hadron Composition

W. Spinella (SDSU, 2017)

DD2 Parametrization



W. Spinella (2017)

Gibbs Transition

• Onset of quark 
deconfinement at  
~3 to 4.5 n0

Mixed

phase

Pure quark

phase

Pure hadronic

phase

n/n0

8



W. Spinella (2017)

Gibbs Transition

• Onset of quark 
deconfinement at  
~3 to 4.5 n0

Mixed

phase

Pure quark

phase

Pure hadronic

phase



W. Spinella (2017)

1s
3s

PSR J0348+0432

M
ixed 

phase

Gibbs Transition



W. Spinella, FW (2017)

Maxwell Transition

Mixed phase

Pure quark
phase

Pure 
hadronic
phase

• Onset of quark 
deconfinement at  
~3 to 4.5 n0



Back to Quark-Hadron Lattice
Roadmap

• Surface tension

• Blob size

• Charge number

• Neutrino emission rate

o Static lattice contribution

o Phonon contribution



Surface tension of the quark-hadron interface

L ⇠ 1 fm
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Yasutake+ (2014), Palhares & Fraga (2010),
Pinto, Koch, Randrup (2012), Mintz+ (2013)



Surface tension a in the quark-hadron mixed phase 

Spinella, FW, Orsaria, Contrera (2018)

DD2 Parametrization



Coulomb and Surface energy densities
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: Hadronic (Quark) phase charge density
: radius of rare phase structure
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Glendenning ‘92



Rare phase structure size, charge, number density
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Minimizing leads for the size of the 

rare phase to: 

Glendenning ‘92



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

Spinella, FW, Orsaria, Contrera (2018)

DD2 Parametrization
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Roadmap

• Surface tension

• Blob size

• Charge number

• Neutrino emission rate

o Static lattice contribution

o Phonon contribution



Static Lattice Contribution to Neutrino Emissivity
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yK = K/(2ke)
<latexit sha1_base64="vmqb0diWH6VyFei3H5rEz4LjZJg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXmpSBL0IRS9CLxXsB7QhbLaTdulmE3Y3Qgj9G148KOLVP+PNf+O2zUFbHww83pthZp4fc6a0bX9bhbX1jc2t4nZpZ3dv/6B8eNRRUSIptGnEI9nziQLOBLQ10xx6sQQS+hy6/uRu5nefQCoWiUedxuCGZCRYwCjRRhqkXvOmeVGtTzw498oVu2bPgVeJk5MKytHyyl+DYUSTEISmnCjVd+xYuxmRmlEO09IgURATOiEj6BsqSAjKzeY3T/GZUYY4iKQpofFc/T2RkVCpNPRNZ0j0WC17M/E/r5/o4NrNmIgTDYIuFgUJxzrCswDwkEmgmqeGECqZuRXTMZGEahNTyYTgLL+8Sjr1mmPXnIfLSuM2j6OITtApqiIHXaEGukct1EYUxegZvaI3K7FerHfrY9FasPKZY/QH1ucPO7uQfg==</latexit><latexit sha1_base64="vmqb0diWH6VyFei3H5rEz4LjZJg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXmpSBL0IRS9CLxXsB7QhbLaTdulmE3Y3Qgj9G148KOLVP+PNf+O2zUFbHww83pthZp4fc6a0bX9bhbX1jc2t4nZpZ3dv/6B8eNRRUSIptGnEI9nziQLOBLQ10xx6sQQS+hy6/uRu5nefQCoWiUedxuCGZCRYwCjRRhqkXvOmeVGtTzw498oVu2bPgVeJk5MKytHyyl+DYUSTEISmnCjVd+xYuxmRmlEO09IgURATOiEj6BsqSAjKzeY3T/GZUYY4iKQpofFc/T2RkVCpNPRNZ0j0WC17M/E/r5/o4NrNmIgTDYIuFgUJxzrCswDwkEmgmqeGECqZuRXTMZGEahNTyYTgLL+8Sjr1mmPXnIfLSuM2j6OITtApqiIHXaEGukct1EYUxegZvaI3K7FerHfrY9FasPKZY/QH1ucPO7uQfg==</latexit><latexit sha1_base64="vmqb0diWH6VyFei3H5rEz4LjZJg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXmpSBL0IRS9CLxXsB7QhbLaTdulmE3Y3Qgj9G148KOLVP+PNf+O2zUFbHww83pthZp4fc6a0bX9bhbX1jc2t4nZpZ3dv/6B8eNRRUSIptGnEI9nziQLOBLQ10xx6sQQS+hy6/uRu5nefQCoWiUedxuCGZCRYwCjRRhqkXvOmeVGtTzw498oVu2bPgVeJk5MKytHyyl+DYUSTEISmnCjVd+xYuxmRmlEO09IgURATOiEj6BsqSAjKzeY3T/GZUYY4iKQpofFc/T2RkVCpNPRNZ0j0WC17M/E/r5/o4NrNmIgTDYIuFgUJxzrCswDwkEmgmqeGECqZuRXTMZGEahNTyYTgLL+8Sjr1mmPXnIfLSuM2j6OITtApqiIHXaEGukct1EYUxegZvaI3K7FerHfrY9FasPKZY/QH1ucPO7uQfg==</latexit><latexit sha1_base64="vmqb0diWH6VyFei3H5rEz4LjZJg=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXmpSBL0IRS9CLxXsB7QhbLaTdulmE3Y3Qgj9G148KOLVP+PNf+O2zUFbHww83pthZp4fc6a0bX9bhbX1jc2t4nZpZ3dv/6B8eNRRUSIptGnEI9nziQLOBLQ10xx6sQQS+hy6/uRu5nefQCoWiUedxuCGZCRYwCjRRhqkXvOmeVGtTzw498oVu2bPgVeJk5MKytHyyl+DYUSTEISmnCjVd+xYuxmRmlEO09IgURATOiEj6BsqSAjKzeY3T/GZUYY4iKQpofFc/T2RkVCpNPRNZ0j0WC17M/E/r5/o4NrNmIgTDYIuFgUJxzrCswDwkEmgmqeGECqZuRXTMZGEahNTyYTgLL+8Sjr1mmPXnIfLSuM2j6OITtApqiIHXaEGukct1EYUxegZvaI3K7FerHfrY9FasPKZY/QH1ucPO7uQfg==</latexit>
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<latexit sha1_base64="46Wl+OVIDnns1IAGQKf/L2wCLoc=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBEqSElE0GPRi+Klgv3ANoTNdtMu3WzC7kQoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxLBNTrOt7W0vLK6tl7YKG5ube/slvb2mzpOFWUNGotYtQOimeCSNZCjYO1EMRIFgrWC4fXEbz0xpXksH3CUMC8ifclDTgka6fG2MvLvTtFvnvilslN1prAXiZuTMuSo+6Wvbi+macQkUkG07rhOgl5GFHIq2LjYTTVLCB2SPusYKknEtJdNLx7bx0bp2WGsTEm0p+rviYxEWo+iwHRGBAd63puI/3mdFMNLL+MySZFJOlsUpsLG2J68b/e4YhTFyBBCFTe32nRAFKFoQiqaENz5lxdJ86zqOlX3/rxcu8rjKMAhHEEFXLiAGtxAHRpAQcIzvMKbpa0X6936mLUuWfnMAfyB9fkDMjiP8A==</latexit><latexit sha1_base64="46Wl+OVIDnns1IAGQKf/L2wCLoc=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBEqSElE0GPRi+Klgv3ANoTNdtMu3WzC7kQoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxLBNTrOt7W0vLK6tl7YKG5ube/slvb2mzpOFWUNGotYtQOimeCSNZCjYO1EMRIFgrWC4fXEbz0xpXksH3CUMC8ifclDTgka6fG2MvLvTtFvnvilslN1prAXiZuTMuSo+6Wvbi+macQkUkG07rhOgl5GFHIq2LjYTTVLCB2SPusYKknEtJdNLx7bx0bp2WGsTEm0p+rviYxEWo+iwHRGBAd63puI/3mdFMNLL+MySZFJOlsUpsLG2J68b/e4YhTFyBBCFTe32nRAFKFoQiqaENz5lxdJ86zqOlX3/rxcu8rjKMAhHEEFXLiAGtxAHRpAQcIzvMKbpa0X6936mLUuWfnMAfyB9fkDMjiP8A==</latexit><latexit sha1_base64="46Wl+OVIDnns1IAGQKf/L2wCLoc=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBEqSElE0GPRi+Klgv3ANoTNdtMu3WzC7kQoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxLBNTrOt7W0vLK6tl7YKG5ube/slvb2mzpOFWUNGotYtQOimeCSNZCjYO1EMRIFgrWC4fXEbz0xpXksH3CUMC8ifclDTgka6fG2MvLvTtFvnvilslN1prAXiZuTMuSo+6Wvbi+macQkUkG07rhOgl5GFHIq2LjYTTVLCB2SPusYKknEtJdNLx7bx0bp2WGsTEm0p+rviYxEWo+iwHRGBAd63puI/3mdFMNLL+MySZFJOlsUpsLG2J68b/e4YhTFyBBCFTe32nRAFKFoQiqaENz5lxdJ86zqOlX3/rxcu8rjKMAhHEEFXLiAGtxAHRpAQcIzvMKbpa0X6936mLUuWfnMAfyB9fkDMjiP8A==</latexit><latexit sha1_base64="46Wl+OVIDnns1IAGQKf/L2wCLoc=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBEqSElE0GPRi+Klgv3ANoTNdtMu3WzC7kQoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxLBNTrOt7W0vLK6tl7YKG5ube/slvb2mzpOFWUNGotYtQOimeCSNZCjYO1EMRIFgrWC4fXEbz0xpXksH3CUMC8ifclDTgka6fG2MvLvTtFvnvilslN1prAXiZuTMuSo+6Wvbi+macQkUkG07rhOgl5GFHIq2LjYTTVLCB2SPusYKknEtJdNLx7bx0bp2WGsTEm0p+rviYxEWo+iwHRGBAd63puI/3mdFMNLL+MySZFJOlsUpsLG2J68b/e4YhTFyBBCFTe32nRAFKFoQiqaENz5lxdJ86zqOlX3/rxcu8rjKMAhHEEFXLiAGtxAHRpAQcIzvMKbpa0X6936mLUuWfnMAfyB9fkDMjiP8A==</latexit>

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

sl

W(K): Debye-Waller factor

Pethick & Thorsson (1999)
Kaminker+ (1999)

(K<2ke)
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<latexit sha1_base64="tsUCG9r3IIMd6ZhkjnM+lDlZq70=">AAACDXicbVDLSsNAFJ34rPEVdelmsBZclUQE3QhFNy4r9AVNCJPppB06mQkzE6GE/IAbf8WNC0Xcunfn3zhts9DWAxcO59zLvfdEKaNKu+63tbK6tr6xWdmyt3d29/adg8OOEpnEpI0FE7IXIUUY5aStqWakl0qCkoiRbjS+nfrdByIVFbylJykJEjTkNKYYaSOFzim0YStM4TX0Y4lw7o8iJKEvEjJEYVrk4zAqYOhU3bo7A1wmXkmqoEQzdL78gcBZQrjGDCnV99xUBzmSmmJGCtvPFEkRHqMh6RvKUUJUkM++KWDNKAMYC2mKazhTf0/kKFFqkpi7agnSI7XoTcX/vH6m46sgpzzNNOF4vijOGNQCTqOBAyoJ1mxiCMKSmlshHiGTijYB2iYEb/HlZdI5r3tu3bu/qDZuyjgq4BicgDPggUvQAHegCdoAg0fwDF7Bm/VkvVjv1se8dcUqZ47AH1ifP1Iumn4=</latexit><latexit sha1_base64="tsUCG9r3IIMd6ZhkjnM+lDlZq70=">AAACDXicbVDLSsNAFJ34rPEVdelmsBZclUQE3QhFNy4r9AVNCJPppB06mQkzE6GE/IAbf8WNC0Xcunfn3zhts9DWAxcO59zLvfdEKaNKu+63tbK6tr6xWdmyt3d29/adg8OOEpnEpI0FE7IXIUUY5aStqWakl0qCkoiRbjS+nfrdByIVFbylJykJEjTkNKYYaSOFzim0YStM4TX0Y4lw7o8iJKEvEjJEYVrk4zAqYOhU3bo7A1wmXkmqoEQzdL78gcBZQrjGDCnV99xUBzmSmmJGCtvPFEkRHqMh6RvKUUJUkM++KWDNKAMYC2mKazhTf0/kKFFqkpi7agnSI7XoTcX/vH6m46sgpzzNNOF4vijOGNQCTqOBAyoJ1mxiCMKSmlshHiGTijYB2iYEb/HlZdI5r3tu3bu/qDZuyjgq4BicgDPggUvQAHegCdoAg0fwDF7Bm/VkvVjv1se8dcUqZ47AH1ifP1Iumn4=</latexit><latexit sha1_base64="tsUCG9r3IIMd6ZhkjnM+lDlZq70=">AAACDXicbVDLSsNAFJ34rPEVdelmsBZclUQE3QhFNy4r9AVNCJPppB06mQkzE6GE/IAbf8WNC0Xcunfn3zhts9DWAxcO59zLvfdEKaNKu+63tbK6tr6xWdmyt3d29/adg8OOEpnEpI0FE7IXIUUY5aStqWakl0qCkoiRbjS+nfrdByIVFbylJykJEjTkNKYYaSOFzim0YStM4TX0Y4lw7o8iJKEvEjJEYVrk4zAqYOhU3bo7A1wmXkmqoEQzdL78gcBZQrjGDCnV99xUBzmSmmJGCtvPFEkRHqMh6RvKUUJUkM++KWDNKAMYC2mKazhTf0/kKFFqkpi7agnSI7XoTcX/vH6m46sgpzzNNOF4vijOGNQCTqOBAyoJ1mxiCMKSmlshHiGTijYB2iYEb/HlZdI5r3tu3bu/qDZuyjgq4BicgDPggUvQAHegCdoAg0fwDF7Bm/VkvVjv1se8dcUqZ47AH1ifP1Iumn4=</latexit><latexit sha1_base64="tsUCG9r3IIMd6ZhkjnM+lDlZq70=">AAACDXicbVDLSsNAFJ34rPEVdelmsBZclUQE3QhFNy4r9AVNCJPppB06mQkzE6GE/IAbf8WNC0Xcunfn3zhts9DWAxcO59zLvfdEKaNKu+63tbK6tr6xWdmyt3d29/adg8OOEpnEpI0FE7IXIUUY5aStqWakl0qCkoiRbjS+nfrdByIVFbylJykJEjTkNKYYaSOFzim0YStM4TX0Y4lw7o8iJKEvEjJEYVrk4zAqYOhU3bo7A1wmXkmqoEQzdL78gcBZQrjGDCnV99xUBzmSmmJGCtvPFEkRHqMh6RvKUUJUkM++KWDNKAMYC2mKazhTf0/kKFFqkpi7agnSI7XoTcX/vH6m46sgpzzNNOF4vijOGNQCTqOBAyoJ1mxiCMKSmlshHiGTijYB2iYEb/HlZdI5r3tu3bu/qDZuyjgq4BicgDPggUvQAHegCdoAg0fwDF7Bm/VkvVjv1se8dcUqZ47AH1ifP1Iumn4=</latexit>

tp = T/Tp
<latexit sha1_base64="7PrFCoRIAjaCqee4Dv1PHjzBjEE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU01E0ItQ9OKxQr8gDWGz3bRLN5tldyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRUpwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6SZpqxNU5HqXkQME1yyNnAQrKc0I0kkWDca38/87hPThqeyBRPFgoQMJY85JWAlH0KFb3HrohWqsFpz6+4ceJV4BamhAs2w+tUfpDRLmAQqiDG+5yoIcqKBU8GmlX5mmCJ0TIbMt1SShJkgn588xWdWGeA41bYk4Ln6eyIniTGTJLKdCYGRWfZm4n+en0F8E+RcqgyYpItFcSYwpHj2Px5wzSiIiSWEam5vxXRENKFgU6rYELzll1dJ57LuuXXv8arWuCviKKMTdIrOkYeuUQM9oCZqI4pS9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AHZvpBO</latexit><latexit sha1_base64="7PrFCoRIAjaCqee4Dv1PHjzBjEE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU01E0ItQ9OKxQr8gDWGz3bRLN5tldyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRUpwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6SZpqxNU5HqXkQME1yyNnAQrKc0I0kkWDca38/87hPThqeyBRPFgoQMJY85JWAlH0KFb3HrohWqsFpz6+4ceJV4BamhAs2w+tUfpDRLmAQqiDG+5yoIcqKBU8GmlX5mmCJ0TIbMt1SShJkgn588xWdWGeA41bYk4Ln6eyIniTGTJLKdCYGRWfZm4n+en0F8E+RcqgyYpItFcSYwpHj2Px5wzSiIiSWEam5vxXRENKFgU6rYELzll1dJ57LuuXXv8arWuCviKKMTdIrOkYeuUQM9oCZqI4pS9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AHZvpBO</latexit><latexit sha1_base64="7PrFCoRIAjaCqee4Dv1PHjzBjEE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU01E0ItQ9OKxQr8gDWGz3bRLN5tldyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRUpwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6SZpqxNU5HqXkQME1yyNnAQrKc0I0kkWDca38/87hPThqeyBRPFgoQMJY85JWAlH0KFb3HrohWqsFpz6+4ceJV4BamhAs2w+tUfpDRLmAQqiDG+5yoIcqKBU8GmlX5mmCJ0TIbMt1SShJkgn588xWdWGeA41bYk4Ln6eyIniTGTJLKdCYGRWfZm4n+en0F8E+RcqgyYpItFcSYwpHj2Px5wzSiIiSWEam5vxXRENKFgU6rYELzll1dJ57LuuXXv8arWuCviKKMTdIrOkYeuUQM9oCZqI4pS9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AHZvpBO</latexit><latexit sha1_base64="7PrFCoRIAjaCqee4Dv1PHjzBjEE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU01E0ItQ9OKxQr8gDWGz3bRLN5tldyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRUpwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6SZpqxNU5HqXkQME1yyNnAQrKc0I0kkWDca38/87hPThqeyBRPFgoQMJY85JWAlH0KFb3HrohWqsFpz6+4ceJV4BamhAs2w+tUfpDRLmAQqiDG+5yoIcqKBU8GmlX5mmCJ0TIbMt1SShJkgn588xWdWGeA41bYk4Ln6eyIniTGTJLKdCYGRWfZm4n+en0F8E+RcqgyYpItFcSYwpHj2Px5wzSiIiSWEam5vxXRENKFgU6rYELzll1dJ57LuuXXv8arWuCviKKMTdIrOkYeuUQM9oCZqI4pS9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AHZvpBO</latexit>

F (q) =
3

(qR3)
[sin(qR)� qR cos(qR)]

<latexit sha1_base64="TcHjB0aIZZO+edGlxPFNlzcJLII="></latexit><latexit sha1_base64="TcHjB0aIZZO+edGlxPFNlzcJLII="></latexit><latexit sha1_base64="TcHjB0aIZZO+edGlxPFNlzcJLII="></latexit><latexit sha1_base64="TcHjB0aIZZO+edGlxPFNlzcJLII="></latexit>

V (q) =
4⇡e⇢ZF (q)

q2✏(q)
e�W (q)

<latexit sha1_base64="vwEvXdrSklQEi0LngaigO7oThLg="></latexit><latexit sha1_base64="vwEvXdrSklQEi0LngaigO7oThLg="></latexit><latexit sha1_base64="vwEvXdrSklQEi0LngaigO7oThLg="></latexit><latexit sha1_base64="vwEvXdrSklQEi0LngaigO7oThLg="></latexit>

Definitions

Debye-Waller factor:



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

Spinella, FW, Orsaria, Contrera (2018)

DD2 Parametrization



Static lattice and phonon contributions to the neutrino emissivity

T=1010 K

Spinella, FW, Orsaria, Contrera (2018)

DD2 Parametrization



Phonon Contribution to Neutrino Emissivity

Lph =

Z 1

y0

dy
Se↵(q)|F (q)|2

y|✏(q, 0)|2

✓
1 +

2y2

1� y2
ln y

◆

<latexit sha1_base64="T+TiaoN7m6d43hgnJX8SWmH37zU="></latexit><latexit sha1_base64="T+TiaoN7m6d43hgnJX8SWmH37zU="></latexit><latexit sha1_base64="T+TiaoN7m6d43hgnJX8SWmH37zU="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="Tpt44OJKkCdfTzZJjswHQSmkqsg="></latexit><latexit sha1_base64="Tpt44OJKkCdfTzZJjswHQSmkqsg="></latexit><latexit sha1_base64="81tZboD6R3cl3fhwmpZp6SVd4Dc="></latexit><latexit sha1_base64="T+TiaoN7m6d43hgnJX8SWmH37zU="></latexit><latexit sha1_base64="T+TiaoN7m6d43hgnJX8SWmH37zU="></latexit><latexit sha1_base64="T+TiaoN7m6d43hgnJX8SWmH37zU="></latexit><latexit sha1_base64="T+TiaoN7m6d43hgnJX8SWmH37zU="></latexit><latexit sha1_base64="T+TiaoN7m6d43hgnJX8SWmH37zU="></latexit><latexit sha1_base64="T+TiaoN7m6d43hgnJX8SWmH37zU="></latexit>

y = q/(2ke)
<latexit sha1_base64="tbR6FahfYSgPQDOgd0p1V3he7jc=">AAAB83icbVDLSgNBEOz1GddX1KOXwSDES9wNgl6EoBePEcwDkiXMTnqTIbMPZ2aFJeQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/ERwpR3n21pZXVvf2Cxs2ds7u3v7xYPDpopTybDBYhHLtk8VCh5hQ3MtsJ1IpKEvsOWPbqd+6wml4nH0oLMEvZAOIh5wRrWRujbJrh/Py9VRD896xZJTcWYgy8TNSQly1HvFr24/ZmmIkWaCKtVxnUR7Yyo1ZwIndjdVmFA2ogPsGBrREJU3nt08IadG6ZMglqYiTWbq74kxDZXKQt90hlQP1aI3Ff/zOqkOrrwxj5JUY8Tmi4JUEB2TaQCkzyUyLTJDKJPc3ErYkErKtInJNiG4iy8vk2a14joV9/6iVLvJ4yjAMZxAGVy4hBrcQR0awCCBZ3iFNyu1Xqx362PeumLlM0fwB9bnD66xkCQ=</latexit><latexit sha1_base64="tbR6FahfYSgPQDOgd0p1V3he7jc=">AAAB83icbVDLSgNBEOz1GddX1KOXwSDES9wNgl6EoBePEcwDkiXMTnqTIbMPZ2aFJeQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/ERwpR3n21pZXVvf2Cxs2ds7u3v7xYPDpopTybDBYhHLtk8VCh5hQ3MtsJ1IpKEvsOWPbqd+6wml4nH0oLMEvZAOIh5wRrWRujbJrh/Py9VRD896xZJTcWYgy8TNSQly1HvFr24/ZmmIkWaCKtVxnUR7Yyo1ZwIndjdVmFA2ogPsGBrREJU3nt08IadG6ZMglqYiTWbq74kxDZXKQt90hlQP1aI3Ff/zOqkOrrwxj5JUY8Tmi4JUEB2TaQCkzyUyLTJDKJPc3ErYkErKtInJNiG4iy8vk2a14joV9/6iVLvJ4yjAMZxAGVy4hBrcQR0awCCBZ3iFNyu1Xqx362PeumLlM0fwB9bnD66xkCQ=</latexit><latexit sha1_base64="tbR6FahfYSgPQDOgd0p1V3he7jc=">AAAB83icbVDLSgNBEOz1GddX1KOXwSDES9wNgl6EoBePEcwDkiXMTnqTIbMPZ2aFJeQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/ERwpR3n21pZXVvf2Cxs2ds7u3v7xYPDpopTybDBYhHLtk8VCh5hQ3MtsJ1IpKEvsOWPbqd+6wml4nH0oLMEvZAOIh5wRrWRujbJrh/Py9VRD896xZJTcWYgy8TNSQly1HvFr24/ZmmIkWaCKtVxnUR7Yyo1ZwIndjdVmFA2ogPsGBrREJU3nt08IadG6ZMglqYiTWbq74kxDZXKQt90hlQP1aI3Ff/zOqkOrrwxj5JUY8Tmi4JUEB2TaQCkzyUyLTJDKJPc3ErYkErKtInJNiG4iy8vk2a14joV9/6iVLvJ4yjAMZxAGVy4hBrcQR0awCCBZ3iFNyu1Xqx362PeumLlM0fwB9bnD66xkCQ=</latexit><latexit sha1_base64="tbR6FahfYSgPQDOgd0p1V3he7jc=">AAAB83icbVDLSgNBEOz1GddX1KOXwSDES9wNgl6EoBePEcwDkiXMTnqTIbMPZ2aFJeQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/ERwpR3n21pZXVvf2Cxs2ds7u3v7xYPDpopTybDBYhHLtk8VCh5hQ3MtsJ1IpKEvsOWPbqd+6wml4nH0oLMEvZAOIh5wRrWRujbJrh/Py9VRD896xZJTcWYgy8TNSQly1HvFr24/ZmmIkWaCKtVxnUR7Yyo1ZwIndjdVmFA2ogPsGBrREJU3nt08IadG6ZMglqYiTWbq74kxDZXKQt90hlQP1aI3Ff/zOqkOrrwxj5JUY8Tmi4JUEB2TaQCkzyUyLTJDKJPc3ErYkErKtInJNiG4iy8vk2a14joV9/6iVLvJ4yjAMZxAGVy4hBrcQR0awCCBZ3iFNyu1Xqx362PeumLlM0fwB9bnD66xkCQ=</latexit>

Se↵(q) = 189

✓
2

⇡

◆5

e�2W

Z 1

0
d⇠

1� 40⇠2 + 80⇠4

(1 + 4⇠2)5 cosh2 (⇡⇠)

⇣
e�(⇠) � 1

⌘

<latexit sha1_base64="e57bgG+oqvesmBYhHgZABPzObPc="></latexit><latexit sha1_base64="e57bgG+oqvesmBYhHgZABPzObPc="></latexit><latexit sha1_base64="e57bgG+oqvesmBYhHgZABPzObPc="></latexit><latexit sha1_base64="e57bgG+oqvesmBYhHgZABPzObPc="></latexit>

�(⇠) =
~q2
2mb

⌧
cos (!st)

!ssinh (~!s/2kBT )

�

<latexit sha1_base64="0uu/OSKAvssOg6+qGqVwkUmNo5k="></latexit><latexit sha1_base64="0uu/OSKAvssOg6+qGqVwkUmNo5k="></latexit><latexit sha1_base64="0uu/OSKAvssOg6+qGqVwkUmNo5k="></latexit><latexit sha1_base64="0uu/OSKAvssOg6+qGqVwkUmNo5k="></latexit>

⇠ = tkBT/~
<latexit sha1_base64="8ylrk7Xar0SPoEjpqRSuGkrM3FY=">AAAB+3icbVDLSsNAFJ3UV42vWJduBovgqiYi6EYodeOyQl/QhDCZTtqhkwczN9IS+ituXCji1h9x5984bbPQ1gMXDufcy733BKngCmz72yhtbG5t75R3zb39g8Mj67jSUUkmKWvTRCSyFxDFBI9ZGzgI1kslI1EgWDcY38/97hOTiidxC6Yp8yIyjHnIKQEt+VbFdCcc32EY+43WpTsKiPStql2zF8DrxClIFRVo+taXO0hoFrEYqCBK9R07BS8nEjgVbGa6mWIpoWMyZH1NYxIx5eWL22f4XCsDHCZSVwx4of6eyEmk1DQKdGdEYKRWvbn4n9fPILz1ch6nGbCYLheFmcCQ4HkQeMAloyCmmhAqub4V0xGRhIKOy9QhOKsvr5POVc2xa87jdbXeKOIoo1N0hi6Qg25QHT2gJmojiiboGb2iN2NmvBjvxseytWQUMyfoD4zPHwEgkx8=</latexit><latexit sha1_base64="8ylrk7Xar0SPoEjpqRSuGkrM3FY=">AAAB+3icbVDLSsNAFJ3UV42vWJduBovgqiYi6EYodeOyQl/QhDCZTtqhkwczN9IS+ituXCji1h9x5984bbPQ1gMXDufcy733BKngCmz72yhtbG5t75R3zb39g8Mj67jSUUkmKWvTRCSyFxDFBI9ZGzgI1kslI1EgWDcY38/97hOTiidxC6Yp8yIyjHnIKQEt+VbFdCcc32EY+43WpTsKiPStql2zF8DrxClIFRVo+taXO0hoFrEYqCBK9R07BS8nEjgVbGa6mWIpoWMyZH1NYxIx5eWL22f4XCsDHCZSVwx4of6eyEmk1DQKdGdEYKRWvbn4n9fPILz1ch6nGbCYLheFmcCQ4HkQeMAloyCmmhAqub4V0xGRhIKOy9QhOKsvr5POVc2xa87jdbXeKOIoo1N0hi6Qg25QHT2gJmojiiboGb2iN2NmvBjvxseytWQUMyfoD4zPHwEgkx8=</latexit><latexit sha1_base64="8ylrk7Xar0SPoEjpqRSuGkrM3FY=">AAAB+3icbVDLSsNAFJ3UV42vWJduBovgqiYi6EYodeOyQl/QhDCZTtqhkwczN9IS+ituXCji1h9x5984bbPQ1gMXDufcy733BKngCmz72yhtbG5t75R3zb39g8Mj67jSUUkmKWvTRCSyFxDFBI9ZGzgI1kslI1EgWDcY38/97hOTiidxC6Yp8yIyjHnIKQEt+VbFdCcc32EY+43WpTsKiPStql2zF8DrxClIFRVo+taXO0hoFrEYqCBK9R07BS8nEjgVbGa6mWIpoWMyZH1NYxIx5eWL22f4XCsDHCZSVwx4of6eyEmk1DQKdGdEYKRWvbn4n9fPILz1ch6nGbCYLheFmcCQ4HkQeMAloyCmmhAqub4V0xGRhIKOy9QhOKsvr5POVc2xa87jdbXeKOIoo1N0hi6Qg25QHT2gJmojiiboGb2iN2NmvBjvxseytWQUMyfoD4zPHwEgkx8=</latexit><latexit sha1_base64="8ylrk7Xar0SPoEjpqRSuGkrM3FY=">AAAB+3icbVDLSsNAFJ3UV42vWJduBovgqiYi6EYodeOyQl/QhDCZTtqhkwczN9IS+ituXCji1h9x5984bbPQ1gMXDufcy733BKngCmz72yhtbG5t75R3zb39g8Mj67jSUUkmKWvTRCSyFxDFBI9ZGzgI1kslI1EgWDcY38/97hOTiidxC6Yp8yIyjHnIKQEt+VbFdCcc32EY+43WpTsKiPStql2zF8DrxClIFRVo+taXO0hoFrEYqCBK9R07BS8nEjgVbGa6mWIpoWMyZH1NYxIx5eWL22f4XCsDHCZSVwx4of6eyEmk1DQKdGdEYKRWvbn4n9fPILz1ch6nGbCYLheFmcCQ4HkQeMAloyCmmhAqub4V0xGRhIKOy9QhOKsvr5POVc2xa87jdbXeKOIoo1N0hi6Qg25QHT2gJmojiiboGb2iN2NmvBjvxseytWQUMyfoD4zPHwEgkx8=</latexit>

h. . .i
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|q| > q0 & (6⇡2nb)
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:  averaging over phonon
frequencies and phonon 
modes  

Definitions:

Kaminker+ (1999)
Baiko+ (1998)



Temperature below which Umklapp processes are frozen out 

Spinella, FW, Orsaria, Contrera (2018)

DD2 Parametrization



✏blobsMPB ⇡ 5.37⇥ 1020 nT 6
9Z

2L erg s�1 cm�3
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✏rods,slabsMPB ⇡ 4.81⇥ 1017 keT
8
9 J erg s�1 cm�3
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Neutrino Emissivity

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

Haensel+ (1999)

Pethick & Thorsson (1997)



Mixed Phase Neutrino Emissivity

W. Spinella, FW (2017)
Spinella, FW, Orsaria, Contrera (2018)

DU: Direct Urca

NPB: Nucleon Pair Braking

MU: Modified Urca

n → p + e- + v -

n + p → p + p + e- + v -
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Quark Matter Fraction  c 

MPB: Mixed Phase 
Bremsstrahlung

e + (Z,A)  →   e + (Z,A) + ν + ν

DD2 Parametrization
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q Metric: 
ds2 = − e−2νdt2 + e2(α+β ) r2 sin2q (dφ – Nφ dt)2 

+ e2(α–β) (dr2 + r2 dq2)

q Frequency range:
0 < W < WK

q Kepler (mass shedding) frequency:
ΩK = r–1 eν–α–β UK + Nφ

q Differential rotation/uniform rotation

Rotating Neutron Stars

Stellar properties:  M, Rpole, Requator, I, zpole, zequator, ΩK

�!
p
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N ew ton ian  
lim it

Friedman, Ipser & Parker (1986)
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Core Composition of a Rotating Neutron Star

http://fweber.sdsu.edu/~fweber/Mellinger/Compositions.html



Summary

ØGibbs Phase Transition

ØQuark-Hadron Lattice

ØBlobs, Rods, Plates

ØBremsstrahlung

ØNeutrino emissivity (static lattice, phonon scattering)

Ø Possible Observables: Glitches, Cooling (MXB 1659-29?)


