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1. Motivation

@ Quark cores in compact stars
EoS of quark matter is required

o Polyakov loop is (approximate) order
parameter of quark-hadron transition

Should be included to effective
approaches?

@ 2Mg limit for compact stars

Quark EoS should be stiffened
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Figure from G. A. Contrera et al., arXiv:1612.09485 [nucl-th]
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2. Polyakov loop vs deconfinement

o Polyakov loop:
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d = = exp ( 3 o, n=0,1,2 Pok Man Lo et al., Phys. Rev. D 88, 074502 (2013)

® = ¢’ =0 — restored center symmetry (confined phase = hadron matter)
® # &’ £ 0 — broken center symmetry (deconfined phase = quark matter)

Polyakov loop — order parameter of deconfinement
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3. Polyakov loop and phase diagram
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Figure from Xin-Nian Wang’s talk on "HEP Frontier Summer, Forum 2006”
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4. Polyakov-Nambu-Jona-Lasinio model

@ Proper chiral dynamics in NJL model:

Effective masses of chiral partners (o and 7)
get equal = restoration of chiral symmetry

S. P. Klevansky, Rev. Mod. Phys. 64, 649 (1992) e

. O,
o Effective scalar theory of Polyakov loop for 390 360 30 400 420 440
deconfinement in pure Yang-Mills: 0s
0.4
Discontinuous change of minima of effective 03
potential U(®) = deconfinement transition 5o
< 0.1
R. D. Pisarski, Phys. Rev. D 74, 121703 (2006) s e
. 0.1 inimam . T>Ty
@ Hybrid model: NJL + ¢/ = PNJL - Py
’ 0 0.2 0.4 » 0.6 0.8 1

L=q(iD-m)a+3 [(@a)f +(@n°7a)]-U(®, ")

U(P, d*) — medium dependent Polyakov loop potential

C. Ratti, S. Roessner, M. A. Thaler and W. Weise, Eur. Phys. J. C 49, 213 (2007) and references therein
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5. Phase diagram of the PNJL model (chiral limit)
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C. Sasaki, B. Friman, and K. Redlich, Phys. Rev. D 75, 074013 (2007)
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5. Phase diagram of the PNJL model (chiral limit)
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C. Sasaki, B. Friman, and K. Redlich, Phys. Rev. D 75, 074013 (2007)
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6. Thermodynamic potential

@ Mean field approximation

Vo= U0+ @ =3 [ e O - )

+ 2T/[trcln(1+ Le %% )t troIn(1 + L+e_6“7)}
.

m; = my — G(qq) — effective mass of quark flavour f
wf = /p?+ mi? — jus — single particle energy of quark flavour f

A — momentum cut off

@ Polyakov loop potential

U(®, @) = —@qm + bs(T) In[1 — 60" + 4(*3 + &) — 3(d*P)?]

bo(T)=aT' +a1ToT> + 2 TgT?, by(T)=asTgT

ag, a1, az, as and Ty — fitted to thermodynamics of pure glue

C. Ratti, S. Roessner, M. A. Thaler and W. Weise, Eur. Phys. J. C 49, 213 (2007) and references therein
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7. Polyakov loop at T =0

o Polyakov loop potential at T — 0
U= by(T)In(1 —60"P) ~ O(TO"D)

@ Polyakov loop expectation value

00 09 T / e 20wr
f

el — S~ — ~ —B(p—m)
od  0o* 0 = ba(T) Jr 1 — e3Bwf Ofe )

® =0 at T =0 = Confinement at all baryonic densities?

Oleksii Ivanystkyi Second look to the PNJL model at finite baryonic density



7. Polyakov loop at T =0

@ Polyakov loop potential at T — 0
U= by(T)In(1 —60"P) ~ O(TO"D)

@ Polyakov loop expectation value

00 00 T / e=20f
f

el — b~ — ~ —B(p—m)
96 oo 0 7 ba(T) O )

1 — e 36w

® =0 at T =0 = Confinement at all baryonic densities?

No. Polyakov loop potential should depend on density
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8. Density dependent Polyakov loop potential

bo(T, ng)

Ud, %) = — 5

O*P+by(T, ng) In[1-60* O+4(D*3+0%)—3(d*d)?]

Ki
bi(0,ng) =3, Ty (;_i) , =2, 4, 3;, k; — parameters
0

o Effective chemical potential of quarks (more details later)

Hg = Hq + BgV(®, @)

@ Zero temperature pressure

x , o G
p=—6 [w"0(-wi") ~U(0,6%) ~ 5 (0 + p.

wi = /p?+mi? —pi, ®, ®* and (gq) minimize Q, p. — pressure of electrons
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9. Relation between U/ and V

@ Baryonic density

1 0Q
n = ———
g V Oug
8]) 81/{ 8n3
= 6B, | O(—wiT 6B, | 9( — |
Q/f ( We ) |: / wf anB ans} aMB
single quark contribution contribution of Polyakov loop

@ Contribution of Polyakov loop in absence of dynamical quarks

mg — 00 = ng = # 0 - baryonic charge of gluons?

d.“B
Naive modification of I/ = assigning a baryonic charge to gluons

@ Contribution of Polyakov loop must be zero

2% ou
HB%_%—(), nB—6Bq‘/fe(—
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9. Relation between U/ and V

@ Baryonic density

1 0Q
ng = ————
V Opg
8V 8nB
- 6Bq/9(—w:+) + {63(, ey | B
f f np Ous
single quark contribution contribution of Polyakov loop

@ Contribution of Polyakov loop in absence of dynamical quarks

ou
oug

mg — 00 = ng = — # 0 - baryonic charge of gluons?

Naive modification of I/ = assigning a baryonic charge to gluons

@ Contribution of Polyakov loop must be zero

2% ou

_— = = —wrt
"Bang g 0, ng 6Bq/f€( wf™)
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10. Values of x> and k4

V(®,97) = _7@(727 "B)<b*<b+c4(T, ng) In[1-60* d+4(d*3+03)—-3(d*d)?]
kib(T, ng) ——(n8\"
T = — — T _=2
a(T, ng) (1 — 1)’ bi(0,ng) = a Ty 73

o Quark-antiquark symmetry (effective chemical potential 1}, = y14 + By))
to(—ng) = —pg(ng) = V(0)=0 = x =0 or r>1
@ Quark-antiquark symmetry (pressure p = ... — U)
4 6 8
p(—ng) = p(ng) = U(—ng)=U(ng) = £ =0, 33 3

@ Asymptotic of pressure

_ 4/3 max(kz,4) 4 4/3 4 o
Plng—oc = const - ng~ + const - ng ~ U~ gt = Ky = 3 ks =0
contribution contribution
of quarks of Polyakov loop
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11. Effective chemical potential of quarks at T = 0

07 nB)

1 = g + BV(®,0%),  V(, %) = <l St

@ Quark-gluon interaction term from the QCD Lagrangian

(g’ + gA)a — at (g + 8A%q = at (g + 8(A%))q

@ Temporal gluon field and Polyakov loop operator

8
L="Texp —g/ drA’ | = ngz—L+£L
0 op

@ Ensemble average (can not be calculated directly due to complexity of QCD)

=0, = gl = (1750 L) (L) =y 000

o Effective chemical potential of quarks

1y = g + 8(A%) = pig + x - ©*®
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12. Determination of a,

@ High density asymptotic

4/3
NnB
M U E@(J@s{
nB—>00 1( )1/3( )4/3 al a3 N
(- B b = |14 23 33 .
BTQ {4 N; B, +2 ng + 2ap 2 pss

psg — Stefan-Boltzman pressure (free massless quarks), N¢ — number of flavours

e Perturbative calculations at O(a?) and partial O(a?In? o)

P =08= 2, =0.25for Nf =3

PsB | pp—>00 s}

T. Gorda et al., Phys. Rev. Lett. 121, 202701 (2018).

The same = at T — oo is given by IQCD £

F. Karsch, Nucl. Phys. A 698, 199 (2002)
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13. Hybrid EoS

400

— ST
——- APR4

SLy
——  PNJLIST

@ Order parameter wof T i

® = 0 = hadron matter

p [MeV fm?]

® # 0 = quark matter

@ Gibbs criterion

1400 1425 1450 1475 1500

pe < pie = pa(ps) > pq(is) — hadron matter o e

pg > pic = pa(1s) < pq(pis) — quark matter e

pe > pie = pr(ps) = pq(ie) — phase transition — i
o Polyakov-Gibbs construction: 0 /;’,/v/, -

phase transition happens exactly when ¢ attains o
non zero value and phases are in equilibrium

as is tuned to provide this

1400 1420 1440 1460 1480 1500

Hi [MeV]
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14. EoS of hybrid star

e Hadron matter: APR4 (A18+0v+UIX), SLy, IST models

A. Akmal V. R. Pandharipande and D. G. Ravenhall, Phys. Rev. C 58, 1804 (1998)
F. Douchin and P. Haensel, Astron. Astrophys. 380, 1 (2001)
V. V. Sagun, I. Lopes and A. l. lvanytskyi, Astro. Phys. J. 871, 157 (2019).

@ Species of quark matter: u, d, s quarks and e~ with physical masses and
pf = Brpg + Qrpq

o Electric neutrality: provided separately for each phase

hadron matter: ng = > nf9e" + 3 ngP" =0

hadrons leptons

quark matter: ng = > ng”ark +n.=0

quarks

e Normalization of quark EoS: vacuum values of quark condensates

m, [MeV][mg MeV][m, [MeV][ A [MeV][G [GeV 7]
2.2 4.7 95.0 925.06 2.385
[{Do]"? [MeV]||(Es)o]""? [MeV]| fr MeV]|m, [MeV]

281 315 126.96 139.3
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15. EoS of hybrid star

600 1
—— PNIL-IST ) —— PNIJL-IST
=== PNJL-APR4 H === PNJL-APR4
----- PNJL-SLy H -+ PNJL-SLy
500 NJL-IST B NJL-APR4
=== NIL-APR4 0.8 MIT-APR4
PNJL-SLy
MIT-IST
400| --- MIT-APR4 B
— MIT-SLy 06
£ :
£
> 300 R LX)
=
o 0.4
200 B
0.2
100~ B
0 . . .

0.5 1 L5 2
ng [fm”]

@ Mixed phase at ng ~ 4 — 8ng

qs |nly [fm®][ng [fm
PNJL-IST ]0.032| 0.80 1.25
PNJL-APR4|0.031| 0.73 1.23
PNJL-SLy [0.030{ 0.75 1.19

o Stiffening of EoS

o Causal behaviour of hadronic phase



16. Hybrid EoS: Glendenning construction

o Gibbs construction
equilibrium of phases: PM(u, 1n) = PG, 1)
neutrality of hadron phase:  n}(ug, uly) =0 = g wEy F gy
neutrality of quark phase: n%(u%,ug) =0
Electric chemical potentials of two phases do not coincide
@ Glendenning construction
equilibrium of phases: ph(u,cg,/fQ) = p(ug, ng)
neutrality of mixed phase:  ng = (1 — A\)n{(ug, 1) + And(ug, ng) =0

A € ]0,1] — volume fraction of quark matter

One electric chemical potential for two phases
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17. EoS of hybrid star: Glendenning construction

700 T T 1 T T
—— PNJL-IST, Gibbs —— PNJL-IST, Gibbs
—— IST-PNJL, Glendenning —— IST-PNJL, Glendenning
600F B
0,8
500
o 06
£ 400 g
= B
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= 300 1
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200
0,2
100+ B
. . .
0 0
0 2 0 0,5 1 1,5 2
np [fm?] np [fm?]

@ Widening of mixed phase to ng ~ 4 — 9ng
e Stiffening of EoS

@ Causal behaviour of hadronic phase
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12. Conclusions

@ The Polyakov loop potential of the PNJL model is generalized to the case of
finite baryonic densities in order to incorporate to the model dynamics of the
Polyakov loop

@ Spurious contribution of gluons to the baryon charge density is removed
from the model by introducing the effective chemical potential of quarks

@ The model is applied to construct a hybrid quark-hadron EoS within the
Polyakov-Gibbs and Polyakov-Glendenning constructions

@ The Polyakov loop potential is shown to stiffen such an EoS
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Thank you for attention!
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M-R relation
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