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Common approach to EoS

Hadronic EoS: p+, n+

(incomplete chiral physics)

+

Quark EoS
(chiral physics)

↓

Maxwell construction
(deconfinement)
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Striking problem: No chiral physics in the resulting EoS
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Common approach to EoS
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Parity doubling in lattice QCD Aarts et al, JHEP 1706, 034 (2017)
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Particle Identification

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update

p I (JP ) = 1
2 (1

2
+) Status: ∗∗∗∗

p MASS (atomic mass units u)p MASS (atomic mass units u)p MASS (atomic mass units u)p MASS (atomic mass units u)

The mass is known much more precisely in u (atomic mass units) than in
MeV. See the next data block.

VALUE (u) DOCUMENT ID TECN COMMENT

1.007276466879±0.0000000000911.007276466879±0.0000000000911.007276466879±0.0000000000911.007276466879±0.000000000091 MOHR 16 RVUE 2014 CODATA value

• • • We do not use the following data for averages, fits, limits, etc. • • •
1.007276466812±0.000000000090 MOHR 12 RVUE 2010 CODATA value

1.00727646677 ±0.00000000010 MOHR 08 RVUE 2006 CODATA value

1.00727646688 ±0.00000000013 MOHR 05 RVUE 2002 CODATA value

1.00727646688 ±0.00000000013 MOHR 99 RVUE 1998 CODATA value

1.007276470 ±0.000000012 COHEN 87 RVUE 1986 CODATA value

p MASS (MeV)p MASS (MeV)p MASS (MeV)p MASS (MeV)

The mass is known much more precisely in u (atomic mass units) than in

MeV. The conversion from u to MeV, 1 u = 931.494 0054(57) MeV/c2

(MOHR 16, the 2014 CODATA value), involves the relatively poorly known
electronic charge.

VALUE (MeV) DOCUMENT ID TECN COMMENT

938.2720813±0.0000058938.2720813±0.0000058938.2720813±0.0000058938.2720813±0.0000058 MOHR 16 RVUE 2014 CODATA value

• • • We do not use the following data for averages, fits, limits, etc. • • •
938.272046 ±0.000021 MOHR 12 RVUE 2010 CODATA value

938.272013 ±0.000023 MOHR 08 RVUE 2006 CODATA value

938.272029 ±0.000080 MOHR 05 RVUE 2002 CODATA value

938.271998 ±0.000038 MOHR 99 RVUE 1998 CODATA value

938.27231 ±0.00028 COHEN 87 RVUE 1986 CODATA value

938.2796 ±0.0027 COHEN 73 RVUE 1973 CODATA value

∣∣mp−mp

∣∣/mp

∣∣mp−mp

∣∣/mp

∣∣mp−mp

∣∣/mp

∣∣mp−mp

∣∣/mp

A test of CPT invariance. Note that the comparison of the p and p charge-
to-mass ratio, given in the next data block, is much better determined.

VALUE CL% DOCUMENT ID TECN COMMENT

<7 × 10−10<7 × 10−10<7 × 10−10<7 × 10−10 90 1 HORI 11 SPEC pe−He atom

• • • We do not use the following data for averages, fits, limits, etc. • • •
<2 × 10−9 90 1 HORI 06 SPEC pe−He atom

<1.0 × 10−8 90 1 HORI 03 SPEC pe− 4He, pe− 3He

<6 × 10−8 90 1 HORI 01 SPEC pe−He atom

<5 × 10−7 2 TORII 99 SPEC pe−He atom

HTTP://PDG.LBL.GOV Page 1 Created: 5/30/2017 17:22

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update

n I (JP ) = 1
2 (1

2
+) Status: ∗∗∗∗

We have omitted some results that have been superseded by later
experiments. See our earlier editions.

Anyone interested in the neutron should look at these two new review
articles: D. Dubbers and M.G. Schmidt, “The neutron and its role
in cosmology and particle physics,” Reviews of Modern Physics 83838383

1111 (2011); and F.E. Wietfeldt and G.L. Greene, “The neutron
lifetime,” Reviews of Modern Physics 83838383 1173 (2011).

n MASS (atomic mass units u)n MASS (atomic mass units u)n MASS (atomic mass units u)n MASS (atomic mass units u)

The mass is known much more precisely in u (atomic mass units) than in
MeV. See the next data block.

VALUE (u) DOCUMENT ID TECN COMMENT

1.00866491588±0.000000000491.00866491588±0.000000000491.00866491588±0.000000000491.00866491588±0.00000000049 MOHR 16 RVUE 2014 CODATA value

• • • We do not use the following data for averages, fits, limits, etc. • • •
1.00866491600±0.00000000043 MOHR 12 RVUE 2010 CODATA value

1.00866491597±0.00000000043 MOHR 08 RVUE 2006 CODATA value

1.00866491560±0.00000000055 MOHR 05 RVUE 2002 CODATA value

1.00866491578±0.00000000055 MOHR 99 RVUE 1998 CODATA value

1.008665904 ±0.000000014 COHEN 87 RVUE 1986 CODATA value

n MASS (MeV)n MASS (MeV)n MASS (MeV)n MASS (MeV)

The mass is known much more precisely in u (atomic mass units) than in

MeV. The conversion from u to MeV, 1 u = 931.494 0054(57)) MeV/c2

(MOHR 16, the 2014 CODATA value), involves the relatively poorly known
electronic charge.

VALUE (MeV) DOCUMENT ID TECN COMMENT

939.5654133±0.0000058939.5654133±0.0000058939.5654133±0.0000058939.5654133±0.0000058 MOHR 16 RVUE 2014 CODATA value

• • • We do not use the following data for averages, fits, limits, etc. • • •
939.565379 ±0.000021 MOHR 12 RVUE 2010 CODATA value

939.565346 ±0.000023 MOHR 08 RVUE 2006 CODATA value

939.565360 ±0.000081 MOHR 05 RVUE 2002 CODATA value

939.565331 ±0.000037 1 KESSLER 99 SPEC np → d γ

939.565330 ±0.000038 MOHR 99 RVUE 1998 CODATA value

939.56565 ±0.00028 2,3 DIFILIPPO 94 TRAP Penning trap

939.56563 ±0.00028 COHEN 87 RVUE 1986 CODATA value

939.56564 ±0.00028 3,4 GREENE 86 SPEC np → d γ

939.5731 ±0.0027 3 COHEN 73 RVUE 1973 CODATA value

1We use the 1998 CODATA u-to-MeV conversion factor (see the heading above) to
get this mass in MeV from the much more precisely measured KESSLER 99 value of
1.00866491637 ± 0.00000000082 u.

2The mass is known much more precisely in u: m = 1.0086649235 ± 0.0000000023 u.
We use the 1986 CODATA conversion factor to get the mass in MeV.

3These determinations are not independent of the mn − mp measurements below.
4The mass is known much more precisely in u: m = 1.008664919 ± 0.000000014 u.
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N(1535) 1/2− I (JP ) = 1
2 (1

2
−) Status: ∗∗∗∗

Older and obsolete values are listed and referenced in the 2014 edi-
tion, Chinese Physics C38C38C38C38 070001 (2014).

N(1535) POLE POSITIONN(1535) POLE POSITIONN(1535) POLE POSITIONN(1535) POLE POSITION

REAL PARTREAL PARTREAL PARTREAL PART
VALUE (MeV) DOCUMENT ID TECN COMMENT

1490 to 1530 (≈ 1510) OUR ESTIMATE1490 to 1530 (≈ 1510) OUR ESTIMATE1490 to 1530 (≈ 1510) OUR ESTIMATE1490 to 1530 (≈ 1510) OUR ESTIMATE

1500± 4 SOKHOYAN 15A DPWA Multichannel

1509± 4±2 1 SVARC 14 L+P πN → πN

1502 ARNDT 06 DPWA πN → πN, ηN

1487 HOEHLER 93 SPED πN → πN

1510±50 CUTKOSKY 80 IPWA πN → πN

• • • We do not use the following data for averages, fits, limits, etc. • • •
1490 SHKLYAR 13 DPWA Multichannel

1501± 4 ANISOVICH 12A DPWA Multichannel

1515 SHRESTHA 12A DPWA Multichannel

1521±14 BATINIC 10 DPWA πN → N π, N η

1525 VRANA 00 DPWA Multichannel

−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART
VALUE (MeV) DOCUMENT ID TECN COMMENT

90 to 250 (≈ 170) OUR ESTIMATE90 to 250 (≈ 170) OUR ESTIMATE90 to 250 (≈ 170) OUR ESTIMATE90 to 250 (≈ 170) OUR ESTIMATE

128± 9 SOKHOYAN 15A DPWA Multichannel

118± 9±2 1 SVARC 14 L+P πN → πN

95 ARNDT 06 DPWA πN → πN, ηN

260±80 CUTKOSKY 80 IPWA πN → πN

• • • We do not use the following data for averages, fits, limits, etc. • • •
100 SHKLYAR 13 DPWA Multichannel

134±11 ANISOVICH 12A DPWA Multichannel

123 SHRESTHA 12A DPWA Multichannel

190±28 BATINIC 10 DPWA πN → N π, N η

102 VRANA 00 DPWA Multichannel

N(1535) ELASTIC POLE RESIDUEN(1535) ELASTIC POLE RESIDUEN(1535) ELASTIC POLE RESIDUEN(1535) ELASTIC POLE RESIDUE

MODULUS
∣∣r

∣∣MODULUS
∣∣r

∣∣MODULUS
∣∣r

∣∣MODULUS
∣∣r

∣∣
VALUE (MeV) DOCUMENT ID TECN COMMENT

50±20 OUR ESTIMATE50±20 OUR ESTIMATE50±20 OUR ESTIMATE50±20 OUR ESTIMATE

29± 4 SOKHOYAN 15A DPWA Multichannel

22± 2±0.4 1 SVARC 14 L+P πN → πN

16 ARNDT 06 DPWA πN → πN, ηN

120±40 CUTKOSKY 80 IPWA πN → πN

• • • We do not use the following data for averages, fits, limits, etc. • • •
15 SHKLYAR 13 DPWA Multichannel

31± 4 ANISOVICH 12A DPWA Multichannel

68 BATINIC 10 DPWA πN → N π, N η

HTTP://PDG.LBL.GOV Page 1 Created: 5/30/2017 17:20
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Parity doubling in SU(2) chiral models DeTar, Kunihiro PRD 39 (1989)
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Hybrid Quark-Meson-Nucleon Model Benić, Mishustin, Sasaki, PRD 91 (2015)
Parity doublet model + quark-meson coupling

⇓

Statistical confinement:

UV cutoff for nucleons: fN → θ
(
α2b2 − p2

)
fN

IR cutoff for quarks: fq → θ
(
p2 − b2

)
fq

α - model parameter

0

0.2

0.4

0.6

0.8

1

500 1000 1500 2000

b
/
b
0

µB [MeV]

T = 50 MeV
T = 100 MeV
T = 150 MeV b - scalar field

Vb = −1
2
κ2bb
2 +

1
4
λbb
4

b(µB = 0) > 0 favors nucleons
b(µB →∞) = 0 favors quarks

6 / 21



Phase Diagram for Isospin-Symmetric Matter

1st order deconfinement transition

Order of chiral transition (from low to high α)

1st order → critical point → crossover

Sequential phase transitions (may coincide for smaller m0)
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Higher-Order Cumulants
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Higher-Order Cumulants in pQM model Skokov, Friman, Redlich, PRC 83 (2011)
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Equation of State Under NS Conditions

α→ stiffening of EoS

α→ strength of the chiral phase transition
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Mass-Radius Relation
chiral transition in high-mass part of the sequence
2M� with chirally restored but confined core
deconfinement above 2M�
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Different Realizations of 2.01(4) M� Stars
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Composition of a Compact Star Matter
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Threshold for Direct URCA: Conventional Scenario

d.o.f.: p+, n+, e, µ

Charge neutrality

ρp+ = ρe + ρµ

Momentum conservation

fn+ ¬ fp+ + fe

Yp+ =
1

1 + (1 + 3
√
Ye)3

⇒ 11%− 15%, Ye =
ρe

ρe + ρµ
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Threshold for Direct URCA: Parity Doubling

χ-symmetry broken
d.o.f.: p+, n+, e, µ

Charge neutrality

ρp+ = ρe + ρµ

Momentum conservation

fn+ ¬ fp+ + fe

Proton Fraction Threshold

1
1 + (1 + 3

√
Ye)3

⇒ 11%− 15%

χ-symmetry restored
d.o.f.: p+, n+, p−, n−, e, µ

Charge neutrality

ρp+ + ρp− = 2ρp+ = ρe + ρµ

Momentum conservation

fn+ ¬ fp+ + fe

Proton Fraction Threshold
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Threshold for Direct URCA
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Constraints from GW170817
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Compilation of All Constraints
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Back to Symmetric-Matter Phase Diagram
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Conclusions

Parity doubling yields non-trivial implications for the physics of
neutron stars:

2M� with chirally restored but confined core

High-mass stars → not necessarily signal of deconfinement
Parity doubling → modification of direct URCA threshold

new estimate for the proton fraction threshold
impact on neutron star cooling

Phase diagram with CEP at rather low temperature
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Thank you for your attention
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Parity Doubling for Light Baryons Aarts et al, arXiv:1710.08294 (2017)
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Parity Doubling for Light Baryons Aarts et al, arXiv:1710.08294 (2017)
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Parity doubling in chiral models DeTar, Kunihiro Phys. Rev. D 39 2805 (1989)

Naive and mirror assignments under SU(2)L × SU(2)R

LN = iψ̄1/∂ψ1 + iψ̄2/∂ψ2 + m0
(

%barψ1γ5ψ2 − ψ̄2γ5ψ1
)

For finite m0, chiral symmetry is
explicitly broken under naive assignment
remains unbroken under mirror assignment

Parity doublet model for cold and dense nuclear matter
Hatsuda, Prakash, Phys.Lett. B 224 (1989) Zschiesche et al, Phys. Rev. C 75, 055202 (2007)

L = LN + LM +
∑
k=1,2

gk ψ̄k (σ ± iγ5τ · π)ψk − gωψ̄k /ωψk

Fermions coupled to bosons: σ, π, ω

LM → Linear σ-model
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Full HQMN model Lagrangian

L = LN + LM + Lq

LN =
∑
k=1,2

ψ̄k i /∂ψk + m0
(
ψ̄2γ5ψ1 − ψ̄1γ5ψ2

)
+
∑
k=1,2

gk ψ̄k (σ ± iγ5τ · π)ψk − gωψ̄k /ωψk

Lq = q̄i /∂q + gq q̄ (σ + iγ5τ · π) q

LM =
1
2

(∂µσ)2 +
1
2

(∂µπ)2 − 1
4
FµνF

µν − Vσ − Vω − Vb

Vσ = −1
2
µ̄2
(
σ2 + π2

)
+
λ

4
(σ2 + π2)2 − εσ

Vω = −1
2
m2ωωµω

µ

Vb = −1
2
κ2bb

2 +
1
4
λbb

4
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mass-density
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Matter composition (αb0 = 350 MeV)
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Matter composition (αb0 = 370 MeV)
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Matter composition (αb0 = 400 MeV)
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Matter composition (αb0 = 450 MeV)

0

0.2

0.4

0.6

0.8

1

1 1.5 2 2.5 3 3.5 4 4.5

Y
i

ρB [ρ0]

p+

p−

n+

n−

e
µ

0

0.2

0.4

0.6

0.8

1

1 1.5 2 2.5 3 3.5 4 4.5

33 / 21



Phase diagram in (T − µB)-plane (αb0 = 310 MeV)
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Threshold for direct URCA
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bQM vs PQM Benić et al, Phys. Rev. D 91, 125034 (2015)
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Mean fields at T = 10 MeV (αb0 = 300 MeV)
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Equation of state at T = 10 MeV (αb0 = 300 MeV)
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Masses at T = 10 MeV (αb0 = 300 MeV)
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Masses at T = 10 MeV (αb0 = 390 MeV)
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