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Introduction

Motivation

Envisaged pha;

Phase diagram in the T — ug — p1 space
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At pp =0 T, = 153(3) MeV
Y. Aoki,et al., PLB 643,
46 (2006)

Is there a CEP?

The T-dependence of
thermodynamical quantities
like pressure, interaction
measure, quark density is
known from lattice only at
pug =0.

At which pp is there the
phase boundary for T = 07

In medium changes of
masses and widths

Details of the phase diagram are heavily studied theoretically
(Lattice, EFT), and experimentally (RHIC, LHC, FAIR, NICA)
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Introduction

Motivation

Compact star E

> QCD directly
unsolvable at finite
density and
temperature

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

> Neutron star T R TR TR R VR
observations restrict Radiusdvr
SuCh modelS [1 2] M — R relations from various models [1]
)

[1] Demorest P., et al. (2010), Nature, 467, 1081
[2] Antoniadis J., et al. (2013), Science, 340, 6131 3
R6S; Kova ki Q




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

Lagrangian

L constructed based on linearly realized global U(3), x U(3)r
symmetry and its explicit breaking

L = Tr[(D,®) (D, ®)] — mdTr(dTd) — A [Tr(dT®)] — X\ Tr(Td)?

1
+ c1(det d + det &) + Tr[H(d + ¢T)] — ZTr(wa +R3,)

e[ (T o) (@8] + R Ll )+ TR, R

h
+ ?Tr(dﬂtb)Tr(Li + R2) + hoTx[(L,®)? + (PR,)?] + 2hsTr(L, ®R* dT)

+ Wiy, DV — gV (g + ivsdps) W,

DFO = O — gy (LFd — DRM) — ieAL[Ts, 9],

LM = OMLY — ieAM[Ts, L¥] — {0¥ " — ieAY[Ts, LM]},
RMV = QMRY — ieAM[Ts, RV] — {9" R — ieAY[Ts, RM},
DMV = MW — iGNV, with GM = g.GIT,.

+ Polyakov loop potential .
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Model (Axial)vector meson extended linear o model (eLSM)

l'olman-Oppenheimer-Volkoff equation

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

ot




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

Tolman-Oppenheimer-Volkoff equation

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




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

Inclusion of vec

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

mean-field treatment

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

Vo = NI

< 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

Péter Kovacs kovacs.peter@wigner.mta.hu



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

Equation of sta

The pressure and the energy density at g, =0

Pkq) = Qpg = 0) — Q(pq)

o0
e(ig) = —p — 11q 6;“") = —p + tgpe(itq)
q

modifications for g, # 0

2
~ 8, ~
p(kq) = p(fig)lg,=0 + 2rr‘;§ Pg(ﬂq)

8y
2m?2

e(pq) — (fiq)|g,=0 + Pg(ﬁq) + figpq(fiq)

Péter Kovacs kovacs.peter ner.mta.hu



Model (Axial)vector meson extended linear o model (eLS
Tolman-Oppenheimer-Volkoff equation

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
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The Equation of ¢
Results Vlass-radius relati

» Our result compared to O sMg=0
0.8 )
results from other o
frani = Free quark
models 2 0.6 |— Walecka
EOS* == Walecka (e, p) =
. 2 | — Walecka (Int) -
> At low energies the EoS 3 o4} |- waecka e
of the eLSM is close to 2,03
0.2
the EoS of the o
Walecka - model 0 ‘
0 0.2 0.4 0.6 12 14 1.6

0.8 i
GeV/fm?
> At higher energies it ¢ [GeV/fn’]

tends to the EoS of the

» In case of Walecka models
free quark model

(with/without Interaction) the

P note: Walecka Int means effects of electrons and the p mesons
Lw,int = —8mn(go0)® — §(go0)* are also included (dashed-dotted
lines)
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Introduction

Model “he 1ation of State

dius relations

Jonclusion

Mass-radius relation

p < oo Causality

—cLSM, g= 0
== eLSM, g= 2

= Free quark
= Walecka

= = =Walecka (e)
='=Walecka (e, p)
= Walecka (Int)
'==Walecka (Int, e, p)
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The Equation of
Results Y dius relati

> We used free quark —cLSM.g =0
models with different 5| |7 Free current quark |

= Free const. quark, uqc

quark masses and :
compared to the

= Free const. quark, uq:O

eLSM
> Miree < MeLSM <

Myq=0

3 4 5 6 7 8 9 10 11

> Interactions of the R [km]

eLSM has a relevant

eﬁect on the M_R P> current quark: my 4 = 0 MeV, ms = 90 MeV

relation > const. quark pg,c: m, g =75 MeV, ms = 365 MeV

> const. quark pq = 0: my/d = 322 MeV, ms = 458 MeV
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Results

Mass-radius relations

M-R relations
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Introduction

lodel "he 1ation of State
Results as dius relations
Conclusion

Phase of the comp

Symmetric phase

0 L 1 L 1 L 1 L 1 L 1 L 1
2 3 5 6
r [km)]

This is a strange quark star with a very thin crust
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Conclusion

Outlook

Conclusion

> With appropriate g, value the » Consistent treatment of

resulting M — R curve is
consistent with restrictions
coming from 2M neutron
stars observed in 2010

The quark—meson Yukawa
interactions have a very
important role in the EoS and
consequently in the M — R
curves

Pure quark stars are not
excluded by current
observations

Péter Kovacs

one-loop mesonic
corrections, expansion of
fermion determinants in
mesonic fields

Inclusion of the total
vector-quark Yukawa term,
consistent treatment

Constriction of a hybrid
model: baryons at low
density and constituent
quarks at high density
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Thank you for your attention!




Conclusion

Lagrangian II.

the matter and external fields are

8 8
= Z(a; +im)T;,, H= Z hi T; T; : U(3) generators
i=0

i=0

8 8 8
RE=D (ol =BT, M= (ol + 6T, A= 6T,

i=0 i=0 i=0

V= (u,d,s)T
non strange — strange base:

En = \/2/360 + 4/ 1/3587
& =V1/3% —V2/3%, & (oim,pf bl i)

broken symmetry: non-zero condensates (oy/s)=0n/s
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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




Polyakov loops

Polyakov loop variables: (%) = et CX and ®(x) = TrCTZC(z) with
L(x) = Pexp [I fo dTG4(>?,T)]

< signals center symmetry (Z3) breaking at the deconfinement
transition

low T: confined phase, ($(x)) , ($(X)) —0
high T: deconfined phase, (®(X)), (P(X)) #

» Polyakov gauge: Ga(X,7) = Ga(X), plus gauge rotation to
diagonal form in color space
» further simplification: X-independence

- !
— L =eP% = diag(a, b, c) (E 5U(3)C°1°r) , a,bce’

< use this to calculate partition function of free quarks o
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Form of the po

1.) Simple polynomial potential invariant under Zz and charge
conjugation: R.D.Pisarski, PRD 62, 111501

%REW):_mg@¢_g@w+aﬁ+%wé®2

3
with by (T) = a0+ a1 + a2 75 +33T

I1.) Logarithmic potential coming from the SU(3) Haar measure of

group integration K. Fukushima, Phys. Lett. B591, 277 (2004)
Upea" (0,®) 1 5 3. 83 )2
Tog 20 §(T)cl><1>+b( )In[1- 603 +4 (o +¢)—3(¢¢)}

3
with  a(T)=ao+aR+as,  b(T)=b1

u™ (d>7 <T>) models the free energy of a pure gauge theory

Péter Kovacs kovacs.peter@wigner.mta.hu



Previous potentials describe successfully the first order phase
transition of the pure SU(3) Yang—Mills

— taking into account the gluon dynamics (quark polarization
of gluon propagator) — QCD glue potential

< can be implemented by changing the reduced temperature

. B T— Téglue . _ TYM _ TCYM
glue = 7 S Jue YM = 7Y™
TE T2

tyM(tglue) = 0.57 tglue

uglue _ UYM _
7(¢7 CD, tglue) = m(q): q)a tYM(tglue))

L. M. Haas et al., PRD 87, 076004 (2013)

21
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Result of the p

e 40 possible assignments of scalar mesons to the scalar nonet states
e 3 values of My are used = 120 cases to investigate
for each case 5-10* — 10° configurations are used for the x? minimization

e lowest x? obtained for My = 0.3 GeV x2 = 18.57 and Xfed = ﬁzf =1.16

assignment: a9 — a9(980), K399 — Kz (800), f;"97 — £,(500), f;"99 — £,(980)

problems: mg, < My, Mon/i too light
o

e by minimizing also for My we obtain using UM (®, ) with Ty = 182 MeV:

log
| Parameter |  Value || Parameter | Value |

oy [Gov] | 0.1411 2 5.6156
és [GeV] | 0.1416 P 3.0467
m} [GeV?] | 2.3925e-4 h 27.4617
mf GeV? 6.3298£-3 hy 4.2281

A1 —1.6738 h3 5.9839

* 33.5078 2 45708
o [GeV] | 1.3086 || Mo [GeV] | 0.3511
35 [GeV?] | 0.1133
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