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QCD phase diagram
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False quark dominance in hybrid quark-hadron EoS

o Hadronic EoS consistent with astro (DDf4) + NJL model

4
False quark onset already @ T ~ 60 MeV

100

S e e T R s e s |

80

o Hadron decays are energetically favorable

CFL |
M, ~ 330MeV M meson > 2M =
M, =783MeV = quarks are too light o=t s
M, = 775MeV to be confined o

Effective quark “confinement” is needed
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Confining density functional (N = 2 for simplicity)

L=9(id —m)g+U+ ...

<
I

Do [(1+ a)(g9)§ — (dq)* — (qiT59)*]"
= Qfgg + (9 — (49)) £s — Gs (4q — (4q))* — Gps (GiTysq)" + . ..

0th order 1st order 2nd order

Gg = Gpg

. X-restored |
@ Mean-field scalar self-energy

(91/[/\//[: 4
S= 5=
9(qq)
o Effective medium dependent couplings i
———————— NJL-==-=====3
1 0?Ume 1 0’Umr 0
S = T X A= S = T - A =S5 5 G =
20(qq)>” 7 60(gitrse)? | = &k He =0
l() 50 100 150 200 250
T [MeV]
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Confining density functional (N = 2 for simplicity)

L=9(id —m)g+U+ ...

U = Do[(L+a)@Gg);—(99)° - (qiTs9)"]"
— — — — 2 — 2
Uve + (99 — (99)) s — Gs (g — (4q))” — Gps (qiT75q)" + ...
0th order 1st order 2nd order
6
@ Mean-field scalar self-energy *F Gg # Gps
X-broken G. =G
ou i Os PS
Yo = ,MF ) phase # A-restored
9(qq)
o Effective medium dependent couplings
B 1622/{,\/”: 1 PUpE
°T 207 TP Tco@imsq? =&k 770
0 500 1000 1500 2000 2500
112 [MeV]
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Comparison to NJL model

. _ S 2
L=7(i§ — (m+Xs) )q+ Gs(qq)* + Gps (qiTy5q9)" + - .-
———
e . effective mass m*
o Similarities:
e current-current interaction
o (pseudo)scalar, vector, diquark, ... channels
o the same vacuum phenomenology

1500 [~
|

o Differences: !
° H:]_/3;£,A§;NJL:]_ 1200 \‘
e high m* at low T, u = “confinement”

|
garran
W
8

3
ES

—o0
— — « 2kDo(Gq)o a0 2
(a) = @a)o = m’ = m— 20990 0p
(afaa)s)— ol
e medium dependent couplings : wl

low T, u, = Gs # Gps = x-broken N
high T, p, = Gs = Gps = x-symmetric

o Dimensionality
[U] = energy*
[Gq] = energy®

self energy = [string tension]| Xseparation = ’'confinement”?

string ]

= [Dols=1/3 = energy® = [ tension



Smooth chiral crossover, ...

LI I B O O B O Y B B B 1.2 -

non-int. limit HRG cont. est.

1 N=6 A
llmlll'llll | o8y ¥'? e

mg/m=20 (open)

3 27 (filled
206 (fited) |
B =
3p/T*
04t 1
g/T4 Il ]
3s/4T3 . 02l ,
) free quark gas
] B
T [MeV] 0L : : : : : :
T T A 140 160 180 200 220 240 260 280
130 170 210 250 290 330 370 T [MeV]
Bazavov et al., JHEP (2010) Bazavov et al., PRD (2009)
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..., catastrophic rearrangement of wave function

Hadronic gas Quark-gluon plasma
[ ]
*u e ° ® o o ©®
(%) o0 o ‘ e o °
[ ] [ ]
° °
[ ]
.g‘.\ / \ @ ... L ]
il o e o0
! R . ® .
. [P Hadron gas
Can a catasyrophic rearrangement of ¢ — Quraghan paems

lead to a smooth thermodynamics?

A unified quark-hadron approach is needed J L
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Cluster decomposition in two-loop approximation

diquarks mesons baryons

G. Baym, L.P. Kadanoff, Phys. Rev. 124, 287 (1961); G. Baym, Phys. Rev. 127, 1391 (1962)

e Two-loop self-energies & Dyson-Schwinger propagators

= &P -1 _ free\—1 _
I_In - 55”7 (Sn) - (Sn ) rl,,, n= 172’3,

Dyson-Schwinger problem requires solving all S, simultaneously

o Mean-field approximation for quark propagators

The Dyson-Schwinger problem reduces to a subsequent solving S, -using S,
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Thermodynamic potential

Q= Qquarks + ux - (@A:Cﬁ + utb + ﬂhadrons + Qcolored clusters
—_————

condensates multiquark clusters

@ Quarks coupled to ¢
o Non-perturbative states at low momenta kK < A

qu<a/r\ks = ﬁ\/ Tr ln(ﬁsquarks

Squarks - quark propagator @ mean-field

o Perturbative states at high momenta k > A

Kk>A 1

quarks — 26 %
J.I. Kapusta, Finite Temperature Field Theory, Cambridge (1989)

@ Gluons - Polyakov loop potential Uy
P. M. Lo, B. Friman, O. Kaczmarek, K. Redlich, C. Sasaki, Phys. Rev. D 88, 074502 (2013)

@ Hadrons - 62 mesons, 60+60 (anti)baryons states with M < 2.6 GeV

o Colored multiquark states - diquarks, tetraquarks, pentaquarks coupled to. ®
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Generalized Beth-Uhlenbeck approach for hadrons

o Large size clusters as correlations of the smaller size ones =- propagators

polarization
loops )

diquark meson baryon
o Phase shift of multiquark clusters
Sp =S, = §,=3InS,

(parameterized based on the results of calculation for pions)

@ Generalized Beth-Uhlenbeck formula
dw . 1\ . 2. 04,

Knl Knp n
—/ / trp) n(B"" S, ) sin“ 4 0

kn = 1 - fermions, k, = 2 - bosons

G. Ropke, N.U. Bastian, D. Blaschke, T. Klahn, S. Typel, H. Wolter, NPA 897 (2013)
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Entropy density

00
s = ——=
aT 20 ‘Borsényie‘lal.,PRL‘lZOZI) ‘
o LOW T wr o ]
@ hadron dominance
10~ 1
. I3
o High T E
i sk .- gluons =3
@ quark-gluon dominance T
@ negative perturbative contribution
o hadrons yb,_colored clusters
\ S~
@ Colored multiquark states — o
(;I,B =0 only) 0 50 100 0200 20 30
@ suppressed by the Polyakov loop at high T T Mev]

@ suppressed by high mass at high T
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Chiral condensate

— o0 dk M;¢ _
ff) = = 2N, 41
(Fh) ~Omy /(2 )? Er AR
quarks
. dk dfwM,,(ﬁ]Jr_i_f;)_z 96,
T w Ow

multiquark clusters

e o-factor S
. . 0ta)
Q JfT, af< — defined from the GMOR relations
@ other multiquark clusters 0751 \ 1
f_ M, __ f ]
On = MGt = mr Ny, o
J. Jank ki, D. M. inski, PRD 87, 10 (2013)

@ Scaled chiral condensate

mq <7/> —m <§5> 0 p———r— — ”"Q';‘f ..ﬁm" e

b,
'ag,
“n

m5<7/>0 — m/<§S>0

-0.25 1

Almost constant quark term below T, 4 Borsanyietal, JHEP C010) ]

Hadrons are necessary to reproduce e e 0 a0 20 s
the IQCD data T MeV]
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Cumulants and composition

1.25
Bazavov et al., PRD (2017)
1 B n —_ 84 1 < = - - Boltzmann HRG = === - -~ -
_ E = (B XB XB . 4 N
4 I no n 4 i
T —nl \ T o :
0751 ) ]
kS i
3 3
@ Boltzmann hadron gas osf R} ]
Xf _ 025 E :% 1
-l v
X2 ﬂ—f—ﬂeemassl‘essqualks—77—7——7—77—
100 150 200 250 300
o Free massless quarks ) [ twen
. —
$ 1 6 —
X2 c T 01f / 1
. - /
o 2 /xZ probes the quark-to-baryon ratio? z /
/ N
. 0.01F ‘\’J ! 4
Only asymptotically /
Evidences a repulsive interaction among baryons 1] o
1o o 50 100 150 200 250 300

T [MeV]
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Density functional for color-superconducting quark matter

E:a(i&—rﬁ)q+£V+L‘D—L{

@ Vector repulsion
Ly = —Gy(q7,9)

(G

- needed to reach 2Mg
- motivated by non-perturbative gluon exchange

o Diquark pairing
Lp = Gp Z (@ivs722aG%) (G iv52AAq)
A=25,7

- motivated by Cooper theorem
- color superconductivity

@ Mean-field thermodynamic potential

w? A2
TrIn(ﬁS 1 — Gy + — Gy +Unr — (G9)Zs

== 25v

A STt iA A Al . . CsL R
> lz(iA*vznAA I M%TflA ) Sit=id—m" —o— 7 7TE (Yl +¢)
A —
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Hybrid quark-hadron EoS of NSs

1000 ‘ ———— —

Charge neutrality: electrons

Miller et al.|

] B—equilibrium: r Hebeler et al.,
100 E
Hd = Hy T [e a—
£
e Hadron EoS: DD2 >
O
S. Typel et al., PRC 81, 015803 (2010) S
="
e Maxwell construction: 10f E
oy o feeeed DDanpY T
Pq(MB) - ph(ru’B) —e—- (0.180, 0.505)
(0.220, 0.530)
. — - (0.235,0.540)
@ Model labeling: 1 Tewsewal, | (0265 0.255)
GV D 100 1000
(nv,np), Mv.p = 677 € [MeV fm™]
S|T:,u:0

0. lvanytskyi and D. Blaschke, Phys. Rev. D 105, 114042 (2022)
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Mass radius diagram of NSs

2.5 T L S B
. . . L NICERJ0740+6620 NICER J0740+6620 4
o Hydrostatic equilibrium [ osaonss e, Rileyetal, Villeretal, |
t Antoniadis et al., / e 4
2F g 4
4rr® -
1+ 2 (1 + 7’3) r ~ NICER J0030+0451__]
@ = — Gme ( 6) m [GW 170817 excluded \ Miller etzalf 1
2 2Gm [ Bausweinetal., H 4
dr r (1-25m) i — ; ]
- L5 };w 170817 7
dm 2 2 | Abbott etal, GW 170817 excluded-|
7 = 47re — L Annalaetal,
r E L ]
e Cold matter EoS L INicer jo0s0s0a51 ]
| Raaijmakers et al., |
p = p(u8) i |
{ e=pugle —p — P p(e)  o5/— Do2npyT ]
HB B —-=- (0180,0.505) | ..
(0.220,0.530) | T
H — = (0.235,0.540)
o
Total radius R and mass M — 0265055 . .|
p= 0 8 10 12 14 16
r=R :{m—/\/l R [km]

O. lvanytskyi and D. Blaschke, Phys. Rev. D 105, 114042 (2022)
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Tidal deformability of NSs

10* 1200 TV
900 - \ R
1000 - E \
< <'600 B
GW170817
100 - E
DD2npY-T 300F 90% ]
————— (0.180, 0.505)
(0.220, 0.530) DD2npY-T
— —  (0.235,0.540) (0.220, 0.530)
------------ (0.265, 0.555) — - (0.235,0.540)
0 ‘ T 1 \ T e T (0.265,0.555)
0 0.5 1 15 25 0 200 400 600 800
M [Mo] Ay

0. lvanytskyi and D. Blaschke, Phys. Rev. D 105, 114042 (2022)
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Phase diagram

100
Y
\
\
L \\
o Normal quark matter sof  \
L \
2 spin x 2 flavor x 3 color =12 1 )
\
[ \
@ 2SC quark matter = 60 - b
5] r \
2 spin x 2 flavor x 1 color+1=5 = \
8 \
= L \
Quark pairing reduces o RGeS |
number of quark states — \
L \
[} 201 i 7
f §/ CEP2
requires higher T
along adiabat o T
700 900 1100 1300 1500 1700
us [MeV]
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Conclusions

@ A phenomenological “confinement” mechanism

@ A unified EoS of strongly interacting matter based on a cluster
decomposition approach

@ Agreement with the lattice QCD data on entropy density and chiral
condensate

(EPJ A 60 (2024) for baryon density)

@ Sudden switching between partonic and hadronic degrees of freedom

@ Agreement with the astrophysical data on neutron stars
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Confining density functional with Polyakov loop @ Nf = 3

ﬁza(ia+gA—ﬁ7)q—Ux—U¢, m = diag(my, mg, ms)

A, - homogeneous static gluon field in the Polyakov gauge

o Density functional

1
2
a=0,8

Ug=Do[(1+0)(0)-0] ", 0=

A} v [(§729)% + (Givs729)?]

D. Blaschke, O. lvanytskyi, M. Shahrbaf, 2202.05061 [nucl-th]

o Polyakov loop potential

¢ = NiTrc exp(iBAo), My =1-—60d+4 (> +d%) -3 (q'>q>)2
Cc
Z/{d) 1 = 1 — — 2
1 = —52%® + blog My + Sc (9 + ®°) + d (¢D)

T-dependence of a, b, ¢, d is fitted to the pure SU(3) gauge lattice data

P. M. Lo, B. Friman, O. Kaczmarek, K. Redlich, C. Sasaki, Phys. Rev. D 88, 074502 (2013)
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RDF setup

o Fitting vacuum phenomenology

o Effective masses and Polyakov loop

800

700 £

600 -

500

M, = 140 MeV
F. =93 MeV

My = 494 MeV
Fi = 112 MeV

T. = 156.5 MeV

******

— - M,

A
0 100

200
T [MeV]

400

my, = mg = 4.4 MeV
ms = 134.8 MeV

A =636.1 MeV
VDo = 729.6 MeV
a=1.44

Te=156.5 MeV

L

I I I
0 100 200 300 400
T [MeV}
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Phase shifts of multiquark states

. . . . 15w, q=05Gev;T
@ Microscopic calculations for pions L v

K. Maslov, D. Blaschke, PRD 107, 094010 (2023)
@ discontinuous jump at the on-shell energy below the
dissociation temperature

s

L RRREKIXRRN

?‘.‘.““o“sg.‘\
S

@ continuous growth at small energies above the \“ 06

dissociation temperature ““‘t“&s“‘_ 0t
© continuous fall above the decay threshold 00 A 02
(%]

1.6

vanishing at high energies (Levonson’s theorem)

1.2

M. Wellner, Am. J. Phys. 32, 787-789 (1964) w0 LiGev]

e Parametric model of § = §(T,w)

D. Blaschke, M. Cierniak, O. Ivanytskyi, G. Répke, EPJ A 60 (2024) , \ ------------ - %g“e“

© parametric expression reproduces all the properties o =

of the microscopic calculations —
@ T-dependence of the hadron masses & widths agree s 3\\ P

with the microscopic calculations il ; \
© requires hadron decay threshold given by quark : |

masses M, d,s os 1|

W, ,
My™ = NiM, + N My + Nj M T M
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Beth-Uhlenbeck vs Hadron resonance gas

e Step-up (SU)
@ is generated by the pole of Sp~1
@ corresponds to a bound multiquark state

© is present only below the dissociation temperature
@ generates a HRG-like term in Q

e Step-down (SUSD)

@ rough account of the decay threshold S
@ npartially/totally compensates HRG-like term in Q

Borsanyi etal.,
PRL (2021)

3

e Continuum (SUC)

-
Sntirg/ T

@ corresponds to a scattering multiquark state
@ partially compensates HRG-like term in Q

I
2 5
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Modeling neutron stars with quark cores @ Ny =

2.5 T T 10*
NICER J0740+6620 NICER J0740+6620
Riley etal,, Miller et al.,
NICER J0030+0451
GW 170817 excluded Miller etaly
Bauswein etal., 1000 | B
-
151 bl
'_‘O GW 170817
Abbott et al.,
' GW170817 excluded:
=) e <
= ] GW170817
NICER J0030+0451
Raaijmakers et al., 100 -
DD2npY-T
0.5|—— DD2npY-T —— (0.180, 0.505)
—-—-- (0.180, 0.505) (0.220, 0.530)
(0.220, 0.530) — — (0.235,0.540)
— - (02350540)| | [ (0.265, 0.555)
(0.265, 0.555) . .
0 10 L -
8 10 12 14 16 0 0.5 1 15 2 25
R (km] M [Mo]

O.lvanytskyi, D. Blaschke, PRD 105, 114042 (2022)

Agreement with the observational constraints

on mass-radius relation and tidal deformability of neutron stars
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Confining density functional with Polyakov loop @ Nf = 3

ﬁza(ia+gA—ﬁ7)q—Ux—U¢, m = diag(my, mg, ms)

A, - homogeneous static gluon field in the Polyakov gauge

o Density functional

1
2
a=0,8

Ug=Do[(1+0)(0)-0] ", 0=

A} v [(§729)% + (Givs729)?]

D. Blaschke, O. lvanytskyi, M. Shahrbaf, 2202.05061 [nucl-th]

o Polyakov loop potential

¢ = NiTrc exp(iBAo), My =1-—60d+4 (> +d%) -3 (q'>q>)2
Cc
Z/{d) 1 = 1 — — 2
1 = —52%® + blog My + Sc (9 + ®°) + d (¢D)

T-dependence of a, b, ¢, d is fitted to the pure SU(3) gauge lattice data

P. M. Lo, B. Friman, O. Kaczmarek, K. Redlich, C. Sasaki, Phys. Rev. D 88, 074502 (2013)
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Expansion around mean-field solution @ Ny = 3

U= U +395q— (g5q)
~

0t order 1% order
=" (FF = (ff)) GE (Fif' — (F'F') GPSZ fivsf)
£Lf
2nd order
o Mean-field scalar self-energy . osolved
. ouMr 5 |
S = diag(Tu, %4, %), Y= 8(%f> '

o Effective medium dependent couplings

e
s 2 (FFYO(F'F)

G 1 azu)’(\ﬂl: 3 l(‘)U 1000
P T T2 9(Finsf)? T [MeV]
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RDF setup

o Fitting vacuum phenomenology

o Effective masses and Polyakov loop

800

700 £

600 -

500

M, = 140 MeV
F. =93 MeV

My = 494 MeV
Fi = 112 MeV

T. = 156.5 MeV

******

— - M,

A
0 100

200
T [MeV]

400

my, = mg = 4.4 MeV
ms = 134.8 MeV

A =636.1 MeV
VDo = 729.6 MeV
a=1.44

Te=156.5 MeV

L

I I I
0 100 200 300 400
T [MeV}
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Mass-spectrum

Mp>1 = r\gcfum + A(T - TC)Q(T - TC)

10! y =
M1 = BO(T — T,) E T
T. = 156.6 MeV, A, B - fitted to IQCD 5
1000F - - oo v/ 1
o Low T (x-broken matter) =~~~ :x,./\ o

[MeV]
|
|
I

@ heavy quarks
@ stable multiquark clusters ~— — [
© constant mass of multiquark states 100}

© zero width of multiquark states E——
M
M
e High T (x-symmetric matter) R
@ light quarks B 100 200 300 400
@ unstable multiquark clusters T [MeV]

© growing mass of multiquark states
© growing width of multiquark states
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