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Introduction

Motivation
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Compact stars living at T ~ 0 MeV.

Observation of compact stars can help to understand strongly
interacting matter in medium and investigation of strongly interacting
matter in medium can be used to describe compact stars




Introduction Motivation
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Various M ==

> QCD directly
unsolvable at finite
density

» One can use effective
models in the zero
temperature finite
density region

Double

Mass (M)

» Neutron star
observations restrict 007 . : — )
such models [1,2] Radius (k)

M — R relations from various models [1]

[1] P. Demorest et al. (2010), Nature 467, 1081
[2] J. Antoniadis et al. (2013), Science 340, 6131




Introduction

Neutron stars

Neutron star m

EoS Name Reference P<pnp | PND<P<Po Po<p Method Comments
BPS Baymetal. | B.En+El+ X X Empirical binding Commonly used for
(1971) Lattice energies low-density regime
HP (HP%0) | pienisos) | Laiice | X X e | eening
W vamgey | X | e | X Variatonal | U G0 EEmedte
FPS Lorenz (1991) | CLDM | CLDM | nptep | Density functional U’;‘J‘;‘:ngfm‘{:r']‘t'l‘f
sly " a[;‘r’]::l“&;&m) CLDM | CLDM | nprep | Density functional sk;mf’yﬁﬁ;{;:‘" "
WFF (WFF1) W"(';‘gg;)‘ al. X X nptep Variational AL4+UVII
APR (AP4) Ak"‘a'g‘;;’a”d‘ X X nptep Variational AISHUIX* 43y
MPA (MPAL) M“(‘;‘gg% al. X X Rel. Brueckner HF
ENG E“g&g‘gg; al X X Rel. Brueckner HF
PAL Pral((f;gee; al. X X np+e(u?) | Schematic potential Pa{:}?ﬂ?ﬁ;ﬁ;’? ns r;';g s
GM MoGslzir.]d(.l‘Qg(Ql) X X npH+ep Field theoretical S(‘ame a "Te ",‘:g::):?
Ha La“é%g; al. X X npHvey | Field theoretical | Shtest EOS compatible
MS (MS1) MUII(e1'g§e§erm X X np(+en?) | Field theoretical N“"';’;f:; mesonic
sQM F“”(‘liggé :f“e uds+e Bag model

These models are used for the entire neutron star.
BPS, NV and APR are commonly used together




Hybrid stars

Hybrid star mod

Hybrid stars: Compact stars with quark matter in the core.
Different approaches in the literature:
> BPS or BPS + NV at very low pg
» Some nuclear model at low pg (2 or 3 flavour): Walecka
model, Parity doublet model, Relativistic Mean-Field
(RMF) models
» Quark matter at high pg (2 or 3 flavour):
Nambu-Jona-Lasinio (NJL) model, Linear sigma model
(LSM)
How to combine models at low density with models at high
density?
— Various approaches exist: Quark-Meson-Nucleon model
(QMN) with statistical confinement; Hadron-quark crossover
with P-interpolation; Energy minimization method; Coexisting
phases method; Gibbs construction; Maxwell construction 6
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QMN and stat. inement
Hadron-quark sover

Energy minimi

Hybrid stars

QMN with stati

based on: S. Benié et al., Phys. Rev. D, 91, 12503/ (2015);
M. Marczenko et al., Phys. Rev. D, 98, 103021 (2018)
Features of the model:
» Two flavour parity doublet model with mirror assignment
(N(938), N(1500), ©(138), £(500) (or o), w(782), p(770))
» Linear sigma model (u, d constituent quarks, m(138),
f0(500)), quarks are not coupled to vectors
» Tree-level mesons, one-loop fermions (mean-field
approximation)
Grand canonical potential:

Q= > Q+Ve+Ve+ VitV

x€(p+,n+,u,d)

3
QX:%(/ d PTn@—n)+In(1—7)].
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QMN and stat. confinement

Hybrid stars

Statistical con

Concatenation at the level of the grand potential. Nucleons
have to be suppressed at high pg, while quarks at low pg

— Modified Fermi-Dirac distributions:

ne = 0(a’h’—p°)f

iy = 0(a’b®—p?)fi
ng = 0(p* b1
g = 0(p*—b°) 1

bisa T and pupg dependent bag field with (b) = by

b might be associated with chromoelectric part of the gluon
sector
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QMN and stat. confinement

Hybrid stars

23]
)
w2
02]
S
=
+
=
@
O

140 | ]
120 | ]
_ 100} |
&
E
=80t |
5
: 60 / ' ,
e Pt aby = 350 MeV —
40} , |
0 /'I : e abg = 400 MeV --...
ST APR - -
207 ACB4 = ]
- -7 ACSTj=0.1—-
906~ 200 300 400 500 600 700 800
€ [MeV/fm?]

Chiral phase transition is shown, deconfinement starts at very large
pB; Other EoSs are shown for comparison




QMN and stat. confinement
Hadron-quark crossover

Hybrid stars

Energy minimization method

Solving the Finstein’s equation for spherically symmetric case
and homogeneous matter — TOV eqs.:

dp _ [p(r) 4 &(r)] [M(r) + 4nr3p(r)]
& rlr —2M(7)]

(1)

with M
T = 4rre(r)

These are integrated numerically for a specific p(¢)

» For a fixed e, central energy density Eq. (1) is integrated
until p =10

» Varying e a series of compact stars is obtained (with given
M and R)

» Once the maximal mass is reached, the stable series of

compact stars ends 10
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QMN and stat. confinement

Hybrid stars

M — R curves
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Fig. from M. Marczenko et al., Phys. Rev. D, 98, 103021 (2018) 11

r.mta.hu



QMN and stat. confinement

Hybrid stars
p Hadron-quark crossover

Energy minimization method

Schematic pict

based on: K. Masuda et al., PTEP 2013 073D01

Pressure (P)

Baryon density (p)
In the crossover region hadrons starts to overlap
— both low and high pg models loose their validity.
Gibbs condition (extrapolation from the dashed lines) can be

misleading. -

kovacs.peter! ner.mta.hu



QMN and stat. confinemen
Hadron-quark
Energy minimization m

Hybrid stars

Hadron-quark cz

Features of the model:

» H-EOS: Two and three flavour hadronic EoSs with
Y-mixing: TNI2, TNI3, TNI2u, TNI3u, AV18+TBF,
SCL3AL

> Q-EOS: NJL-model with u, d,s quarks and vector
interaction

» mean-field approximation

P-interpolation (p = pg):

P(p) = PH(p)f—(p)+Po(pzf+(p), (2)
fulp) = %(um@(%)) (3)
e(p) = p)f-(p) +ealp)fr(p) + Ae (4)
A = / (cul) ~ =als ) EL dy 5)

13
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Hybrid stars
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Hybrid stars

Hadron-quark cros
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3 N and stat. confinement
Hybrid stars
b juark crossover

minimization method

M — R curves fc
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Hyperons make the EoS softer — 2Mg limit not reached

Fig. from K. Masuda et al., PTEP 2013 073D01 17




QMN and stat. confinement
Hadron-quark crossover
Energy minimization method

Hybrid stars

Energy minimiza

based on: X. H. Wu et al., PRC' 99, 065802 (2019)
Features of the model:

» Hadronic matter: Relativistic mean-field (RMF) model (2
flavours, nucleons interacting through o, w and p mesons,
mesons treated at tree-level, additional w — p interaction)

» Quark matter: NJL-model with u, d,s quarks and vector
interaction

> mean-field approximation

Total energy of the mixed phase:

EMP = UEQP + (1 — U)5HP + Esurt + ECoul (6)
u = Vqor/(Vor + Var) (7)

minimization w.r.t. the densities (np, nn, ny, ng, ns, ne, n,) and
u gives equilibrium conditions (under global charge neutrality
and baryon number conservation) 18
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QMN and stat. confinement
Hadron-quark crossover

Energy minimization method

Special cases of the EM method

» Coexisting phases method: &gt and oy are treated
perturbatively (minimization or Gibbs condition without
surf. and Coul. terms) = Pyp = Pgp, and
EMP = UEQP + (]- - U)EHP + Esurf + ECoul

» Gibbs construction: egy ¢t and £coyl are neglected, o = 0,
global charge neutrality, hadronic and quark phases can be
charged separately, = Pyp = Pgp, and
emp = ueqp + (1 — u)enp

> Maxwell construction: g, and £gou are neglected,

o >> 0, local charge neutrality, both hadronic and quark
phases charge neutral = Pyp = Pgp, and
emp = ueqp + (1 — u)enp

Péter Kovacs kovacs.pet



QMN and stat. confinement

Hybrid stars

Hadron-quark crossover
Energy minimization method
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Hybrid stars

Energy minimization method

M — R curves
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Hybrid stars

Energy minimization method

M — R curves
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(Axial)vector meson extended linear o model (eLSM)

Quark star

Lagrangian of t

based on: P. Kovdcs et al. Phys. Rev. D 93, no. 11, 114014 (2016),
J. Takdtsy et al., Universe 5, 17/ (2019)

L = Tr[(Du®) (D ®)] — m3Tr(dTd) — A [Tr(dTd)]2 — ATr(dfd)?

+ ci(det ® + det dF) 4 Tr[H(® + dT)] — 1n(wa +R2)

m2
+Tr [(711 + A) (L2 + R: )} + :—(Tr{l_w[l_u L”T} + Te{Ruv[R*, R¥1})

hl Te(STO)Tr(L2 + R2) + hoTr[(Lu®)? + (PRu)?] + 2hsTr(L, PR dT)

+ ‘V"YuD“‘V —grV (s + ivsPps) W,

DFO = O — igi(LFd — DRM) — ieAL[Ts, @],

LM = OMLY — ieAM[Ts, L¥] — {0¥ 1" — ieAY[Ts, LM]},
REY = OMRY — ieAl[Ts, RY] — {0" R* — ieAY[Ts, R“]},
DMV = MW —iGrW, with GM = g,GFT,.

+ Polyakov loop potential (for T>0)

23




(Axial)vector meson extended linear o model (eLSM)
I'he Equation of (EOS)

Qs ey M — R relations

Determination o

14 unknown parameters (mg, A1, Az, ¢1, m1, g1, &2, h1, h2, h3, s,
dpy, Ps, gr) — determined by the min. of y:

_E: Qi(xa, .-, _Q’?Xp
X (X17""XN) = 2 [ (Xl XI:I) ’

(X5 ...y xn) = (Mo, A1, A2y ... ), Qi(xa,...,xy) — from the
model, Q7 — PDG value, §Q; = max{5%, PDG value}
multiparametric minimalization — MINUI'T

» PCAC — 2 physical quantities: f;, fx

» Curvature masses — 16 physical quantities:

mu/d7 Ms, Mg, m77) m'q’v mg, mpa me, Mk~, ma17 mle7 mK17
Mma,, MK, me’-a MmeH
» Decay widths — 12 physical quantities:
rp~>7r7'ra r¢—>KK7 rK*—)Kﬂ'a ral—)ﬂ"‘ya ral—)pﬂ'a rﬁ—)KK*7 rao7 rK5—>K7Ta

rfL—>7r7r7 rfL—>KK7 I_fH—>7r7r? rf”—)KK
> Pseudocritical temperature Tcat up =0 24




(Axial)vector meson extended linear o model (eLSM)
1e Equation of ¢

Quark star R relations ¢

Features of our

» D.O.F’s: — scalar, pseudoscalar, vector, and axial-vector nonets
— u,d,s constituent quarks (m, = my)
— Polyakov loop variables ®, ® with Z/llzév{ or Z/llilg ¢

» 1o mesonic fluctuations, only fermionic ones

Z=eAVUTe) = f I, Dﬁa f T1f PasDa) exp [ g dr [, dx (llﬂtq > q;qr)]

approximated aS T, pg) = USSSn (M) + QT pg) + Uiog(®, &), fig=11q-iGs

meson

_BVQ(O) AP{?,C [f DQqu: eXp{ 06 dr [, ‘7; [("VO’V V' —tiig )5@ - 'YOMfgIga:o] qg}

P tree-level (axial)vector masses

» fermionic vacuum and thermal fluctuations included in the
(pseudo)scalar curvature masses used to parameterize the model

» 4 coupled T/ug-dependent field equations for the condensates
on, s, P, P

» thermal contribution of 7, K, foL included in the pressure,

however their curvature mass contains no mesonic fluctuations

25




(Axial)vector meson extended linear o model (eLSM)

Quark star

Inclusion of vec

Lyukawa-vec = —8v \/6@')’# VéLL v
1
V6

mean-field treatment

Vs Vs
diag(vo + —=, Vo + —ey o — V21g)

Vo = 2"

< v >=wd%, < v >=0"
Modification of the grand canonical potential
~ 1 N
QT =0,pq) = AT =0, fig) — Emavg, with fig = g — gvvo
While the field equations

| 0
8(/)N dN=0N 0055

Ps=¢3
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(Axial)vector m 1 extended linear o model (eLSM)
> Equation o ate (EOS)
R relations of eLSM

The EOS of el

» Pure eLSM compared 09 —eLSM. £,-0 ]
to Walecka and free 08} == cLSM. g =2 ]
quark models Z Zz Ve

0| = = Walecka (e, p), BPS ]
> At low energies the EoS ; 05 —V“‘f::zt: Ei:?))e - ]
of the eLSM is close to ﬁ 0.4 —
the EoS of the Q 03
Walecka - model 02
0.1F

> At hlgher energies lt 00 0.2 0.4 016 018 i 112 114 1.6
tends to the EoS of the ¢ [GeV /fm?]
free quark model

P Lote: Walecka Int means » In the Walecka models electrons and
Lot = — L mn(goo)? — S(goo)? p mesons are also included

(dashed-dotted lines)
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Introduction
Hybrid
Quark s

Conc

(Axial)vector meson exte unl d linear o model (eLSM)
The Equation of S
M — R relations of eL\l\I

Causality

— cL.SM, g= 0
== €LSM, g= 2

EQ = Free quark

— 50— Walecka

2 == Walecka (e, p), BPS
= Walecka (Int)

== Walecka (Int, e, p), BPS

/
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2 4 6 8 10 12 14 16
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Quark star

M — R relations of eLSM
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Conclusion

Conclusion Plans

» Different hybrid star » Different hybrid star
constructions exist — constructions with eLSM
current astrophys. restrictions » Better (more consistent)
(like 2Mg limit) can be approximations in the
fulfilled in many ways eLSM part

> The quark-vector meson » Inclusion of the total
Yukawa interactions have a vector-quark Yukawa term,
very important role in the EoS consistent treatment

and consequently in the

M — R curves » Beyond mean-field

calculations
» Even pure quark stars are not

excluded by current
observations 20
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Thank you for your attention!




Particle conten

e Vector and Axial-vector meson nonets

wytp + +\" fin+af + +\ "
1 V2 ? 0 - 1 V2 o 0 fa
wo— 1 _ _ wo— 1 _ fin—
Vv 7 p w,\iﬁ P K*0 A 7 a M:ﬁ 2 K{’
K*— K*O ws Kl_ Ki) flS
p — p(770), K* — K*(894) a1 — 21(1230), Ky — K1(1270)
wy — w(782), ws — $(1020) fin — £(1280), fis — f,(1426)
e Scalar (N c'],-qj) and pseudoscalar (N c_],-'yg;qj) meson nonets
0 0
lei/gao al Kt mv\;rgr at+ K+
b = L — on—a) 0 Pps = L — ny—m° 0
ST 2 a v S V2 T \[g K
K~ Ks®  os K~ K s
unknown assignment m — w(138), K — K(495)
mixing in the oy — o5 sector mixing: ny,ns — 1(548), n’(958)

Spontaneous symmetry breaking: oy /s acquire nonzero expectation values ¢p /s

fields shifted by their expectation value: on/s = on/s + dnys
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