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Smooth order parameters and EoS

hotQCD results
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(De)confinement phase transition

Hadronic gas Quark-gluon plasma
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Can a catastrophic rearrangement of ot

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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QCD thermodynamic potential

x —condensates

—N—
QQCD = Qquarks + ux - @Zq) + Z/lgluons + Qhadrons + Qcolored clusters
X —symmetric density functional multiquark clusters within

Beth—Uhlenbeck approach
o Quarks

o Non-perturbative states at low momenta k < A, Squarks - mean-field propagator

k<A
Qqu<arks = BV Tr In(BSquarks
o Perturbative states at high momenta k > A
1
Q[(;u>a/r\ks = 257\/

Confinement mechanism — chirally symmetric density functional
Gluons — Polyakov-loop potential
Hadrons - 62 mesons, 60+60 (anti)baryons states with M < 2.6 GeV

Colored multiquark states - diquarks, tetraquarks, pentaquarks coupled to ¢

O O 0O

diquark meson baryon
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EoS

Q2

S= T

p= —Q+ Qvacuum

o Low T

@ hadron dominance

o High T

© quark-gluon dominance

@ negative perturbative contribution

/de

@ Colored multiquark states

s/IT®

© suppressed by the Polyakov loop at high T

@ suppressed by high mass at high T
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Borsanyi et al., PRL (2021)

adrons

o

- gluons
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o Low T

© hadron dominance

0.01 A
o High T “j/
@ quark-gluon dominance %‘
10 ‘ ‘ ‘ ‘ ‘
@ negative perturbative contribution 0 50 100 150200 250 300
T [MeV]

Sharp switching between
_ partonic & hadronic
© suppressed by the Polyakov loop at high T degrees of freedom

@ suppressed by high mass at high T

@ Colored multiquark states
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Speed of sound

0.4 T T T
2 8p 2 ap; Borsényi et al., PRL (2014)
cs = , e=Ts — p, Cs; = Bazavov et al., PRD (2014)
Oe Oe;j 03t . guons—
0.2 > 4
o Low T % 0af 1
© hadron dominance . i
. o"\@\\“
o High T ol i
@ quark-gluon dominance
_ _ o 02 ‘ ‘ ‘ ‘ ‘
@ negative perturbative contribution 0 50 100 150200 250 300

T [MeV]
Mechanical instability of
hadron component above T,
requires quarks & gluons

@ Colored multiquark states

© suppressed by the Polyakov loop at high T
@ suppressed by high mass at high T
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Expansion & reaction rates

@ "Hubble” expansion of the adiabatic fireball
1 51/3
sV=const = Hep=—=
Texp a

o Reaction rate (pion-kaon-hadron system)

-1 _ n.
T; —E oijn;
J

o Hadron-hadron scatterings
2 2 2
o = Xr)(r7), A=0.197GeV
B. Povh and J. Hiifner, Phys. Lett. B 245 (1990); J. Hiifner and B. Povh, Phys. Rev. D 46 (1992)
o Quark-hadron scatterings
2
oiq = m(r7)
e Mean squared radii of hadrons

3 1 S . - .
)= 4op F=oam (/v,f<//> N <ss>) (/v,’m, N ms) . (FF) ocm?

H.J. Hippe and S.P. Klevansky, Phys. Rev. C 52 (1995)

(r? f?
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Universal chemical freeze-out
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@ Low T: yx-broken = heavy quark = "small”

hadrons = small

reaction rate

@ High T: x-restored = light quark = "large” hadrons = large reaction rate

Abrupt Mott dissociation of hadrons causes universal free-out
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Conclusions

@ A phenomenological “confinement” mechanism (details are skipped)

A unified EoS of QCD matter based on a cluster decomposition approach

o Agreement with the lattice QCD data and

the astrophysical data on neutron stars (not shown)

@ Sudden switching between partonic and hadronic degrees of freedom

Universal chemical freeze-out due to abrupt Mott dissociation
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Generalization to finite baryon asymmetry (ug # 0)
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Chiral condensate

— o0 dk Mg _
ffy= = 2N, r+f
(7) = 5 c/(2)3E<+ 1)
quarks
dk dw M o)
ekl n f~+ f-f n
+ e U 0
multiquark clusters
e o-factor

Q JfT, af< — defined from the GMOR relations
@ other multiquark clusters

cr,f = mf‘g"n/j" = myr N’r
J. Jank ki, D. M. i, PRD 87, 10 (2013)

@ Scaled chiral condensate
ms(Il) —
m5<7/>0 — m/<§S>0

m;(Ss)

Almost constant quark term below T,
Hadrons are necessary to reproduce
the IQCD data
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Cumulants and composition

1.25
Bazavov et al., PRD (2017)
P _ Z 1 <,LLB)n B B __ Tn74 a4p 1 - = - Boltzmann HRG = - == - = = -
4 T\T Xns Xn = 4 A\
T ~ nl T oug %
0751 ) ]
S i
3 3
@ Boltzmann hadron gas osf R} ]
Xf _ 025 E :% i
-l v
X2 ﬂ—f—ﬂeemassl‘essqualks—77—7——77777
100 150 200 250 300
o Free massless quarks ) _TMen
. —
x§ 1 6 A
Rl e N
X2 c 7T 0.1 / B
. - /
o 2 /xZ probes the quark-to-baryon ratio? g /
/ N
. 0.01F ‘\’J A 4
Only asymptotically /
Evidences a repulsive interaction among baryons 1 / L
10 0 50 100 150 200 250 300

T [MeV]

Oleksii Ivanystkyi Abrupt switching from HG to QGP at smooth chiral crossover



Confining density functional @ Ny = 2

—- — \2 — \2 — 212
L=4(i§ —m)g—U, U=Do[(1+a)dq)—(d9)° — (GiT759)°]
O.lvanytskyi, D. Blaschke, PRD 105, 114042 (2022)

Dy - coupling, controls interaction strength
« - dimensionless constant, controls vacuum quark mass

(Gq)o - x-condensate in vacuum (introduced for the sake of convenience)

e Comparison to the NJL model P
-restored |
Gg # Gps hase
e s =1: NJL model ! ;(iarokenps P
e x= 1/3 : String Fllp model separation
. _ _au + \—1/3
mean-filed self-energy ¥ = 572+ o (97 q)
C.J.Horowitz, E.J. Moniz, J. W. Negele, PRD 31, 1689 (1985)
G. Répke, D. Blaschke, H. Schultz, PRD 34, 3499 (1986)
' s w0 ae a0 o
e Dimensionality TiMeY)
[U] = energy* 2 string
L 3 = [Dols=1/3 = energy” = .
[qq] = energy tension

self energy = [string tension]| X separation == -”confinement”?
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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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Expansion around mean-field solution @ Ny = 2

U= Uur + (3G9 — (G9)) Zmr — Gs (Gq — (Gq))° — Gps (GiTy5q)° + - -

0th order 1st order 27d order

Gg = Gps
XA-restored

o Mean-field scalar self-energy phase

OUmE af
Yg=——
9(qq)
sk
o Effective medium dependent couplings
________ NIL_-_-_-_-_-
. 71320[/\/”: i 71 822/{MF o
°T 20(@@e)? T 60(@iTee? | = & he="

Oleksii Ivanystkyi Abrupt switching from HG to QGP at smooth chiral crossover



Expansion around mean-field solution @ Ny = 2

U= Uur +(Gq — (G9)) Zmr — Gs (g — (Gq))° — Gps (GiTy5q)° +. ..

0th order 1st order 2nd order
6
@ Mean-field scalar self-energy °r Gg # Gps
X-broken L
e J tse= Gigs

° 7 9(qq)

o Effective medium dependent couplings

1 0?Ume 1 PUnr
S = TS A= 3 PS = — - A== o — e =
20(qq)? 60fama)? | —ax| T
l0 500 1000 1500 2000 2500
s [MeV]
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Comparison to NJL model @ Ny =2

L=G(i# — (m+Xs) )g+ Gs(qq)® + Gps (GiTysq)’ + -+ Lv + Lo
N——
effective mass m*

o Similarities:

1500 T
- current-current interaction T e
- (pseudo)scalar, vector, diquark, ... channels iyl
o Differences:

. “ . ” = 900¢ 1
- high m* at low T, u = “confinement §

_ _ 26y Eon ]
(Ga) = (qq)o = m" =m— ——=—

3a?/3(qq),

U, 300 b

m* —ooata—0 . NN

0.8 1

- medium dependent couplings:

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

U, = Dy [(14 a)(O) — @} 1/3, o= [(@729)* + (iv572q)?]

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 ’ —— © solved
. 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
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Mass-spectrum

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

10! y oo
Fps1 = BO(T — T.) : T
T. = 156.6 MeV, A, B - fitted to IQCD 5
1000F - - oo v/ 1
o Low T (x-broken matter) =~~~ i
= == _
© heavy quarks g ——-—_

@ 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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Sharp switching between partonic & hadronic degrees of freedom

Abrupt switching from HG to QGP at smooth chiral crossover
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