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On the basis of the percolation picture from the hadronic phase with hyperons to
the quark phase with strangeness, we construct a new equation of state (EOS) with the
pressure interpolated as a function of the baryon density. The maximum mass of neutron
stars can exceed 2M g, if the following two conditions are satisfied; (i) the crossover from
the hadronic matter to the quark matter takes place at around three times the normal
nuclear matter density, and (ii) the quark matter is strongly interacting in the crossover
region. This is in contrast to the conventional approach assuming the first order phase
transition in which the EOS becomes always soft due to the presence of the quark matter
at high density. Although the choice of the hadronic EOS does not affect the above
conclusion on the maximum mass, the three-body force among nucleons and hyperons
plays an essential role for the onset of the hyperon mixing and the cooling of neutron
stars.

Subject Index Meutron stars, Nuclear matter aspects in nuclear astrophysics, Hadrons and
quarks in nuclear matter, Quark matter



1. Introduction
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Fig. 1  Schematic picture of the QCD pressure (P) as a function of the baron density (p) under the assumption
of the hadron-quark crossover. The crossover region where finite-size hadrons start to overlap and percolate is shown
by the shaded area. The pressure calculated on the basis of the point-like hadrons (shown by the dashed line at low
density) and that calculated on the basis of weakly interacting quarks (shown by the dashed line at high density) lose
their validity in the crossover region, so that the naive use of the GGibbs conditions by extrapolating the dashed lines
is not justified in general.



2. Hadronic EOS (H-EOS)

Table 1

Properties of various hadronic EOSs with hyperons; TNI2, TNI3, TNI2u, TNI3u |33, 34|, Paris+TBF,

AV184TBF [36-38] and SCL3AY [39]. k is the nuclear incompressibility and p,;, is the threshold density of hyperon-
mixing with pg ( l}.lTl,-"fmﬂj being the normal nuclear density. R and p. denote the radius and central density for the

maximum mass { My ) NS, respectively. The numbers in the parentheses are those without hyperons. #s indicate that
the numbers are read from the figures in |36).

EOS TNI2 | TNI3 | TNI2u | TNI3u | Paris+ TBF | AVI§+TBF | SCL3AY
k(MeV) | 250 | 300 | 250 | 300 281 192 211
pn(AN)/po | 295 | 245 | 401 | 4.01 2.9* 2.8 2.24
pn(S7)/po | 283 | 223 | 406 | 4.01 1.9% 1.8 2.24
Mpax/Mgs | 1.08 | 110 | 1.52 | 1.83 1.26 1.22 1.36

(1.62) | (1.88) (2.06) (2.00) (1.65)
R (km) 770 | 828 | 843 | 9.55 10.46 10.46 11.42

(8.64) | (9.46) (10.50) (10.54) (10.79)
Pe/ Po 16.10 | 13.90 | 11.06 | 8.26 7.35 7.35 6.09

(9.97) | (8.29) (6.47) (6.53) (6.85)
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3. Quark EOS (Q-EOS)
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4. Hadron-Quark crossover

As discussed in §1, treating the point-like hadron as an independent degree of freedom loses
its validity as the baryon density approaches to the percolation region. In other words, the
system cannot be described neither by an extrapolation of the hadronic EOS from the low-
density side nor by an extrapolation of the quark EOS from the high-density side. Under
such situation, it does not make much sense to apply the Gibbs criterion of two phases I and

11, A(T,, pe) = Pr(T,, ptc) since P; and Fpp are not reliable in the transition region.

we will consider a phenomenological “interpolation” between the H-EOS and Q-EOS as a first step.
Such an interpolation is certainly not unique, but we adopt a simplest

P(p) = Pualp)f-(p)+ Folp)f(p),

f(p) = % (1 + tanh (p;ﬁ)) :

where Py and Pg are the pressure in the hadronic matter and that in the quark matter,

One should not confuse Eq.(7) with the pressure in the mixed phase associated with the
first-order phase transition in which f+ i1s considered to the volume fraction of each phase.
In our crossover picture, the system is always uniform and f_ (f) should be interpreted as

the degree of reliability of H-EOS (Q-EOS) at given baryon density.



To calculate the energy density £ as a function of p in thermodynamically consistent way,

we integrate the thermodynamical relation, P = p?0(s/p)/8p and obtain

o

g(p')

cH(p)f-(p) +eq(p)f+(p) + Ac

7 (e (e) - ca())

dp'

with g(p) = %(ex +eX)"2and X = (p— p)/T. Here ey (2¢) is the energy density obtained

from H-EOS (Q-EOS). At is an extra term which guarantees the thermodynamic consistency.
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5. Numerical results and discussions

5.1.

Massive hybrid star with strangeness

We now solve the following Tolman-Oppenheimer-Volkov (TOV) equation to obtain M-R

relationship by using the EOSs with and without the hadron-quark crossover:
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5.4.  Sound velocity of interpolated EOS
One of the measures to quantify the stiffness of EOS is the sound velocity v. = \/dP/d=.
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6. Summary and concluding remarks

We have constructed an EOS by the interpolation between the H-EOS at lower densities and
the Q-EOS at higher densities, and found that the hybrid stars could have My ~ 2Mg,
compatible with the observation. This conclusion is in contrast to the conventional EOS for
hybrid stars derived through the Gibbs construction in which the resultant EOS becomes
always softer than hadronic EOS and thereby leads to smaller M.

The idea of rapid stiffening of the EOS starting from 2p; opens a possibility that the
experimental nuclear incompressibility £ = (240 &+ 20)MeV at p ~ py is compatible with the
existence of massive neutron stars. Also, the idea may well be checked by independent

laboratory experiments with medinm-energy heavy-ion collisions.

Finally, we remark that the crossover region may contain richer non-perturbative phases
such as color superconductivity, inhomogeneous structures and so on [1]. How these structures
as well as the associated cooling processes affect the results of the present paper would be

an interesting future problem to be examined.
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Traditional: Pressure vs. chem. Potential for H-EoS, Q-EoS and hybrid EoS
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Traditional: Pressure vs. chem. Potential for H-EoS, Q-EoS and hybrid EoS
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2" attempt: interpolation between energy densities &(p)
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2" attempt: interpolation between energy densities &(p)
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2" attempt: interpolation between energy densities &(p)
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2" attempt: interpolation between energy densities &(p)
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2. Another “three-window picture of dense matter”
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2. Another “three-window picture of dense matter”
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2.1. Pauli blocking among baryons

Q:;ﬁ (g‘g‘* @ a) Low density: Fermi gas of nucleons (baryons)
& a®
T, re e
@) &) &)

b) ~ saturation: Quark exchange interaction and
Pauli blocking among nucleons (baryons)

c) high density: Quark cluster matter (string-flip
model ...)

Roepke & Schulz, Z. Phys. C 35, 379 (1987); Roepke, DB, Schulz, PRD 34, 3499 (1986)

Free quark  Nucleons (baryons)inmedium — Nycleon (baryon) self-energy --> Energy shift

in medium / \
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2.1. Pauli blocking among baryons - details
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2.1. Pauli blocking among baryons — details

New aspect: chiral restoration --> dropping quark mass
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2.2. Pauli blocking among baryons — results

New EoS: Joining RMF (Linear Walecka) for
pointlike baryons with chiral Pauli blocking
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2.3. Pauli blocking among baryons — Summary

Pauli blocking selfenergy (cluster meanfield) calculable in potential models for baryon structure
Partial replacement of other short-range repulsion mechanisms (vector meson exchange)

Modern aspects:
- onset of chiral symmetry restoration enhances nucleon swelling and Pauli blocking at high n
- quark exchange among baryons -> six-quark wavefunction -> “bag melting” -> deconfinement

Chiral stiffening of nuclear matter --> reduces onset density for deconfinement

Hybrid EoS:
Convenient generalization of RMF models,
Take care: eventually aspects of quark exchange already in density dependent vertices!

Other baryons:

- hyperons

- deltas

Again calculable, partially done in nonrelativistic quark exchange models, chiral effects not yet!

ivisti it ; ; ; 2 — ;0,1 :
Relativistic generalization: aid L5 P29 e P10

Box diagrams of quark-diquark model ... & -
/.

pa;p P p Paj p Ps—qipi P3P

K. Maeda, Ann. Phys. 326 (2011) 1032



2.4. Pauli blocking effect — Excluded volume

Well known from modeling dissociation of clusters in the supernova EoS:

- excluded volume: Lattimer-Swesty (1991), Shen-Toki-Oyematsu-Sumiyoshi (1996), ...
- Pauli blocking: Roepke-Grigo-Sumiyoshi-Shen (2003), Typel et al. PRC 81 (2010)
- excl. Vol. vs. Pauli blocking: Hempel, Schaffner-Bielich, Typel, Roepke PRC 84 (2011)

Here: nucleons as quark clusters with finite size --> excluded volume effect !

14
Available volume fraction: @ = V_/V =1-v Z n, v= ETH (2rauc)” = 4Vaue

=0 T

1
Equations of state for T=0 nuclear matter:  Pioi(itn, ftp) = m Z Pi + Pmess

I=n.p
Etot(Mns ftp) = —Pro + Z i nj,
pi= 5 (Eimi—min®).
o . Effective mass: m; = m; — 8.
n; = EI_’“
n® = ‘i’”;f Eki — (mY In ki +tE:' ‘ Scalar meanfield: S ~n/
v ' § HI.;

Vector meanfield: K ~n



2.5. Stiff quark matter at high densities

S. Benic, Eur. Phys. J. A50, 111 (2014)

5y ,Euz

L=q(if—mq+p,gv"q+ L+ Ly, Ly=

> 1(gq)* + (giysTq)
Ly = —[L:;-w;r}2 +(qiystq)’' | — —{f;rmff —gif?ypq}l[{f?q}z +(giystq)’]

Meanfield approximation: Lar = Glid — Mg + gy g — U,

M=m ,!-.?m
fig = g — "“E'ﬂ 4‘{3—{:? gy E‘E—{qq} (q'q) .
U = Hqﬂif&'tﬂ‘ —%{q%}z — 3%{qTq}4

Thermodynamic Potential:

E + Tlog[l + e P55] 4T log[1 + ¢ P50} 4+ Q,

Q=U- zwfwjih}j



2.5 Support for universal stiffening of hadron
and quark matter at high densities

Universal repulsion from multi-pomeron exchanges in baryon-baryon scattering.
(Th. A. Rijken, private communication)

Y. Yamamoto, T. Furumoto, N. Yasutake, Th.A. Rijken; EPJA 52 (3) (2016)

P P

P P P2 P2

P2 P ps Ps

P Ps Pa P
(a) Triple-pomeron vertex (b) Quartic-pomeron vertex

The pomerons (wavy lines) couple to different quarks (solid lines) in quark matter
(as in the hNJL Lagrangian) or to quarks in different baryons in nuclear matter (giving
rise to repulsive 3- and 4- body interactions).



Result: high-mass twins <« 1st order PT

S. Benic, D. Blaschke, D. Alvarez-Castillo, T. Fischer, S. Typel, arxiv:1411.2856
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Hybrid EoS supports M-R sequences with high-mass twin compact stars



2.5. Stiff quark matter at high densities

8
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Here: Stiffening of dense hadronic matter by excluded volume in density-dependent RMF

S. Benic, D.B., D. Alvarez-Castillo, T. Fischer, S. Typel, A&A 577, A40 (2015)



2.5. Stiff quark matter at high densities

Estimate effects of structures in the phase transition region (“pasta”)
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High-mass Twins relatively robust against “smoothing” the Maxwell transition construction

D. Alvarez-Castillo, D.B., arxiv:1412.8463; Phys. Part. Nucl. 46 (2015) 846



2.5. Stiff quark matter at high densities

Estimate effects of structures in the phase transition region (“pasta”)

100 ; Compare:
i U B B l Masuda, Hatsuda, Takatsuka
R0 £,=05G | Arxiv:1212.6803v2
e - PTP 073D01 (2013)
= bl 04
,.I; =
= 4
= -*gu.a
@
1; _;
! Lamos OG0 [Haravos' o ol (201 4] 5 04
(=]
3+ - w
.-__|'_||f,.— —
y II-'I-- ol | I 02
:.llz 1:.- l:f.l-.‘-
0 M S - ) e T T T T T T B A
2400 HXD K 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
£ [MeViim'] p/p,

High-mass Twins relatively robust against “smoothing” the Maxwell transition construction

D. Alvarez-Castillo, D.B., arxiv:1412.8463; Phys. Part. Nucl. 46 (2015) 846



2.6. Rotation

- existence of 2 M_sun pulsars and
possibility of high-mass twins raises
question for their inner structure:
(Q)uark or (N)ucleon core ?7?

--> degenerate solutions
--> transition from N to Q branch

- PSR J1614-2230 is millisecond pulsar,
period P = 3.41 ms, consider rotation !

- transitions N --> Q must be considered
for rotating configurations:
--> how fast can they be?

(angular momentum J and baryon mass
should be conserved simultaneously)

- similar scenario as fast radio bursts
(Falcke-Rezzolla, 2013) or braking index
(Glendenning-Pei-Weber, 1997)

M. Bejger, D.B. et al., arxiv:1608.07049
Astronomy & Astrophysics 600 (2017) A39
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2.6. Rotation and stability
2.7
2.6} E
2.5]
2.4]
< 2.3

< 2.2

2.1f
2.0} : | | | |
—J=¢§lﬂ3!‘- ____________________________ Ao ____________
1'9§ — Instali:li.lity line .
12 13 14 15 16 17
Rc:irc [km]

Red region - strong phase-transition instability,

Blue region - unstable w.r.t axisymmetric oscillations,

Grey region - no back-bending,

Green region - stable twin branch reached after the mini-collapse from the tip
of J = const. curve, along My, = const.



2.6. Rotation - summary

This type of instability EOS provides a "natural” explanation for:

* Lack of back-bending in radiopulsar timing,
% Spin frequency cut-off at some moderate (but >716 Hz) frequency,

» Falcke & Rezzolla Fast Radio Burst (FRB) engine

+ catastrophic mini-collapse to the second branch (or to a black hole),
* massive rearrangement of the magnetic field — energy emission.

Astrophysical predictions:
* Way to constraint on My, J, I, core EOS efc.,
* Specific shape of NS-BH mass function (no mass gap?)
— population of massive, low B-field NSs (radio-dead?),
— population of massive, high B-field NSs (collapse enhances the field?),

* Characteristic burst-like signature in GW emission during the
mini-collapse.



3. Pauli blocking vs. excluded volume



3.1. Equation of state

e excluded volume corrections in the hadronic EoS,
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2. Pauli blocking in NM - nucleon excluded V.

New aspect: chiral restoration --> dropping quark mass
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D.B., H. Grigorian, G. Roepke: “Quark exchange effects in dense nuclear matter”, in prep. (2017)



Towards measuring the EoS in the T-pg-y, phase diagram

i

NuPECC Long Range Plan 2017; http://www.nupecc.org

A. Andronic, D. Blaschke, et al., “Hadron production ...”, Nucl. Phys. A 837 (2010) 65 - 86




Towards “measuring” the EoS in the T — mu plane
(QCD phase diagram)
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Interpolation between lattice QCD and
Compact star physics (2 M_sun)



Towards “measuring” the EoS in the T — mu plane

(QCD phase diagram) :
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Conclusion:

High-mass twins (HMTs) with
quark matter cores can be
obtained within different
hybrid star EoS models, e.g.,
- constant speed of sound

- higher order NJL

- piecewise polytrope

- density functional

HMTs require stiff hadronic
and quark matter EoS with a
strong phase transition (PT)

HIC A - HP D {callidar )

- MIC & - EMGHN (muclotron)

IR

g

Existence of HMTs can be verified, e.g., by precise compact star mass and
radius observations (and a bit of good luck) — Indicator for strong PT !!

Extremely interesting scenarios possible for dynamical evolution of isolated
(spin-down and accretion) and binary (NS-NS merger) compact stars

Critical endpoint search in the QCD phase diagram with Heavy-lon
Collisions goes well together with Compact Star Astrophysics



Particle Accelerators and Detectors

Equation of State — Phase Diagram
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From:
Neutron star interiors: Theory and reality
by J.R. Stone (left)

Phenomenological neutron star equations of state:
3-window modeling of QCD matter
byT. Kojo (right)

Color-superconducting

strange quark matter :
(u,d.s quarks) i . quark exchange * -+ -quark exchange

sam CFL g + = structural change of hadrons +  * Quark Fermi sea

csL  CFLK : :

gCFL K y - :

LOFF  CFL-x® s .'k;»: :
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