Special points for hybrid neutron stars

in the mass-radius diagram
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NICER radius measurement on PSR J0740+6620

New, large NICER radius for JO740:

Attention:

Above ~1.5 M_sun hyperons
Appear in the center of neutron stars.

Non-hyperonic nuclear EoS (APR)
Are no longer applicable for

High-mass neutron stars ~2M_sun ! =

=

Microscopic EoS need high-density =
Stiffening of the hypernuclear EoS, =

e.g., by multi-pomeron interactions.
Yamamoto et al., PRC 96 (2017)

Relativistic mean-field EoS have a
Maximal NS radius R 2.0 ~ 13 km

Way out:
early deconfinement to color

superconducting, stiff quark matter !

Riley et al., 2105.06980; Miller et al., 2105.06979
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Shall the APR EoS be abandoned?

Y. Yamamoto, H. Togashi, T. Tamagawa, T. Furumoto, N. Yasutake, T. Rijken, PRC 96 (2017)
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Short-range multipomeron exchange potential (MPP)
added to AV18 potential gives significant improvement
of large-angle scattering cross section (s.a.) and the
Nuclear saturation properties, when compared to APR.
— Neutron star radii R(IM< 2 M_sun) > 12 km !!
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What is the special point? What are its properties?

The TOV equation

P(r) anr3P(r)
oP(r) _ _E(r)M(r)(H ) (H M(r) ) OM(r)
or rz(l_EM(r}) -*- ar
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Fig. 1. Mass radius diagram for a star made of ordinary matter (thick line) and purely
quark stars (thin lines). The numnbers at the lines indicate the parameter B. Fig. 2. Mass-radius diagram of hybrid stars for various values of the parameter B

Yudin et al., Astron. Lett. 40 (2014), 201



What is the special point? What are its properties?

3.0
The constant—-speed—of-sound (CSS) model:
2.51
— dimensionless baryochemical potential
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— baryon density R [km]

ng(png) = (1+5) F':afe fif,

— energy density
e= B+ BALG ",

— p(€) relation: e = Bp + (1 + 3)B.

3Cierniak, Blaschke, Eur.Phys.J.ST 229 (2020) no.22-23, 3663-3673



What is the special point? What are its properties?

3.0
The constant—speed—of-sound (CSS) model:
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What is the special point? What are its properties?
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What is the special point? What are its properties?
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Dependence on the phase transition construction?

The mixed phase parabolic ansatz:

Py(e) = a?(ﬁ‘r—ﬁ*c)z + “11{# _P"r:} -+ (I‘I‘ﬂP]Pc:

Gibbs condition for phase equilibrium:

Pu(pen) = Pu(pn) »
Po(rq) = Pm(rq)

k ok
8 _ 8
Bk Pu(py) = Y3 Pp(pn)

ok k
o )
ok Palre) = 5w Pm(kq) -

Derived parameters (k = 1):

P —2K1+Ko(pHe—py)
1™ 2(uc—pQ)rg—rQ)’

o — —281+Ko(He—HQ)
27 Apc—py)eg—nQ)’

k1 = ngl(pc — rQ) — ny(pc — py) + Pg — Py,

EEZHQ —nH.

*Abgaryan, et al., Universe 4 (2018), 94
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Dependence on the phase transition construction?

The mixed phase parabolic ansatz:

PM{P") — ‘12(1“*_#-5}2 + ﬁl{ﬂ_}*c) -+ {1+ﬂP)Pc:

Gibbs condition for phase equilibrium:

Pu(pnn) = Pu(py) »
Po(rq) = Pm(pq) -
ok 5k

Y3 Py(py) = Bk Pp(pen)
k k

8 8

Bk Po(rq) = Bk Pp(peq) -

Derived parameters (k = 1):
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Dependence on the phase transition construction?

Invariance w.r.t. Maxwell — > mixed phase construction (pasta phases)

25 GW 190814
2.0 | PSR0740+6620
GW 170817 excluded
(Bauswein et al.) . 0451
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0.0 T
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>Cierniak, Blaschke, Astron. Nachr. (2021), arXiV: 2106.06986



Dependence on the phase transition construction?

Invariance w.r.t. Maxwell — > interpolation construction (soft - stiff transition)
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>Cierniak, Blaschke, Astron. Nachr. (2021), arXiV: 2106.06986



Mapping the special point locations ...

Special point locations for constant sound speed c_
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Mapping the special point locations ...

Special point locations for constant sound speed c_

... and constant prefactor A
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Mapping the special point locations ...
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Mapping the special point locations ...
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Constant sound speed (CSS) vs. nonlocal NJL model
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Constant sound speed (CSS) vs. nonlocal NJL model

“Trains” of special points, when n, and n,, are varied systematically (grid)
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Constant sound speed (CSS) vs. nonlocal NJL model

“Trains” of special points, when n, and n,, are varied systematically (grid)
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Old paradigm: hybrid stars smaller and lighter

Works on Special Point with M. Cierniak: 2012.15785 & 2009.12353; EPJ ST 229, 3663 (2020)

Dense quark plasma in color 3.5 Dty (Cierniak, Blaschke) »*
superconducting phase: nINJL mode i #‘_.." . "s_‘
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Perfect mapping nINJL — CSS ,
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Maxwell construction with L

(1%t order phase transition) 0.5-

Relativistic Density Functional

EoS “DD2pxy” by S. Typel ' . . . .
With density-dependent coupling 6 8 10 12 14 16 18
And excluded volume v=x.y fm"3 R [km]

2.6 M_sun object can be a hybrid neutron star! With early onset of deconfinement and twins!
NICER radius measurement on PSR J0740+6620 will put constraints on this too!



New paradigm: hybrid stars larger and heavier

Work based on Special Point location with M. Cierniak, in preparation

Dense quark plasma in color \

superconducting phase: nINJL model 25 \ R
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Maxwell construction with Hed o e
(1¢t order phase transition) -
Relativistic Density Functional 0.0 . . . . . . .

EoS “DD2-Y-T” by S. Typel 9 10 11 12 13 14 15 16 17
With density-dependent coupling R [km]

2.5 M_sun object can by a hybrid neutron star! With early onset of deconfinement!
NICER radius measurement on PSR J0740+6620 best described by hybrid stars!



CEP in the QCD phase diagram: HIC vs. Astrophysics

Hy

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

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




Population of the QCD Phase Diagram

Ultrarelativistic HIC,
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CEP in the QCD phase diagram: HIC vs. Astrophysics

Hy

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

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




CEP in the QCD phase diagram: HIC vs. Astrophysics

NICA experiments (BM @N, MPD)

1 2 3456 10 2080 100 200
Collision Energy \'s,,., (GeV)
P. Senger, Phys. Scripta 96 (2021) 054002; and references therein !




2nd

CEP in QCD phase diagram: Quark-Hadron Continuity?
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2" or no CEP in QCD phase diagram: Crossover all over ?

-,

F

RHIC, LHC
Lattice

RHIC (BES 1,lI) |
SPS, FAIR, NICA |
J-PARC, HIAE....

ng° = [-3n, ng<™ = [-10n,

T =10 - 50 MeV /

g

saturation density

ny = 0.16 fm™?
( ~ density of a nucleus )
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Neutron stars
ng«™ = [-10n, QCD+EW

From: T. Kojo, “Delineating the properties of neutron star matter in cold, dense QCD”, PoS Lattice2019, 244



Conclusions

- First observations of binary mergers open new possibilities to constrain properties of the
quark-gluon plasma at low temperatures and high baryon densities. Hybrid EoS are developed
that allow to estimate quark plasma parameters in hypermassive (proto-) neutron stars

- GW170817: narrow window of small radii at 1.4 M_sun (Capano et al.: 10.4< R_1.4[km] <11.9)
strongly suggests an early onset of deconfinement with a critical density n_c <2 n_0 and an
onset mass M_onset < 1.0 M_sun [Blaschke & Cierniak: 2012.15785]

- GW190814: the lighter object in the extremely asymmetric merger with its 2.6 M_sun can be
either the heaviest neutron star or the lightest black hole. The central baryon density in such
high-mass hybrid stars reaches 5.3 n_0. Our EoS allows it to be a hybrid star ...

- NICER radius measurement on PSR J0740+6620 triggers a new paradigm:
NS with M> 2M_sun should have a deconfined quark matter core when R 2.0 > 13 km !

Such a result is similar to the “two families” scenario of Drago & Pagliara, PRD 102 (2020);
For the baryon density at the center of a star with 2.1 M_sun we find n <5 n_0, n_0=0.15 fm?-3.

- Consequences for supernova simulations: A new lower limit for onset of deconfinement?
- Consequences for merger simulations: Check the GW signal for deconfinement !

- Good news for entering a color superconducting quark matter phase at NICA (BMaN, MPD)
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