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Phase diagram of strongly interacting matter
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Existence of parameterization consistent with pQCD and 2M,

U

Argument in favor of quark cores?
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Quark matter in supernova explosion
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Table 1| Summary of the supernova simulation results with hadron-quark phase transition
Mzaus fonset Eeotapse Pleotapse Tleotapse Mons cotapse” thoat Plicar Tlina Mons tinat” Ecxpl
™) ) ) (738} (MeV) (M) ) (7% (MeV) (M) (107" erg)
122 3.251 3489 249 28 1727 3508 55 17 1732 01
182 1465 1518 253 27 1958 1575 59 18 1964 16

3 0.905 0.976 240 31 2163 0.983 9.6 19 =
1110 1215 237 32 2105 1224 58 31 23

Deconfinement is a supernova engine for massive blue giants
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Hyperon puzzle
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to the line M = 2.0 M_sun

indicated in the figures.

Hyperons soften EoS, prevent neutron stars from reaching 2M

in astro a
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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

Oleksii lvanystkyi Color superconductivity in astro and HIC



L=q(i§ —m)g—-U+Ly+Lp

@ Scalar & pseudoscalar interaction channels

U — x-symmetric density functional (details below)

@ Vector-isoscalar interaction channel

Ly = —Gv(g7,9)°

(motivated by gluon exchange, stiff EoS needed to reach 2M))

e Diquark interaction channel

Lp=Gp Z (qiv572A4q°) (G iIv5T2AAQ)
A=25.7

(motivated by Cooper theorem, color superconductivity)
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Relativistic density functional

U = Do [(1+)(qq)§ — (G9)* — (@iT59)°]
o Parameters
Dy - dimensionfull coupling, controls interaction strength
« - dimensionless constant, controls vacuum quark mass
(gq)o - x-condensate in vacuum (introduced for the sake of convenience)

»x=1/3 n=1
4 I

motivated by String Flip model Nambu—Jona-Lasinio model
Usem o (" q)*/*
YsFm = §<Z’,¥g> o (gt q) /3  separation

e Dimensionality
[U] = energy*

[Gq] = energy? = [Do),.=1/3 = energy® = [string tension]

self energy = string tension x separation = confinement
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Expansion around (gq) and (GiTy5q)=0

U= Uur + (39— (Gq)) s — Gs (g — (4q))° — Gps (GiTysq)° + ...

0th order 1st order 27d order

Gg = Gps
XA-restored

o Mean-field scalar self-energy phase

OUmE al
z f—
° 7 9(qq)

o Effective medium dependent couplings

. 71320[/\/”: i 71 822/{MF o
°T 20> T 60(Gitsq)? - He =72
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Expansion around (gq) and (GiTy5q)=0

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

L=74(if — (m+Zs) )q+ Gs(qq)® + Gps (GiT75q)° + - - -
—_——

effective mass m*

o Similarities:

1500

- current-current interaction
- (pseudo)scalar, vector, diquark, ... channels

o Differences:

- high m* at low T, p = *“confinement” §
— — 2GO geuo
(Gq)=(Gqo0 = m =m—- ————
302/3(qq)q> A\
U, 300

m* —ooata—0

- medium dependent couplings:

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

1200 |-

T
— a=0
- @=0.25
=0.50
— - a=100
a=143 ]
- SEM
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Model setup

o (Pseudo)scalar interaction channels —
(chiral condensate & 7, o mesons) ! —
m [MeV] | A [MeV] a DoA~2 ;ﬁ
42 573 143 1.39 =
M, [MeV] | Fr [MeV] | M, [MeV] | (1157 [MeV] o ]
140 92 980 -267 20l &
Pseudocritical temperature L Yo
T. = 163 MeV o low T:  2mguark > My, M,

(stable mesons, confined quarks)
@ high T: 2mguark < Mz, M,
(unstable mesons, deconfined quarks)
e Vector repulsion channel (w-meson)
M, = 783 MeV = nVEG—V—O452

e Diquark pairing channel (Fierz transformation) np = G—D 1.5n, = 0.678
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High density asymptotic at constant Gy, and Gp
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A. Kurkela, P. Romatschke, A. Vuorinen, Phys. Rev. D 81, (2010) AT
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Medium dependent couplings?
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High density asymptotic at constant Gy, and Gp

OG\/#O
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1

p— 0.8pss o iy, ¢33

A. Kurkela, P. Romatschke, A. Vuorinen, Phys. Rev. D 81, (2010)
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Medium dependent couplings?
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Effective repulsion from non-perturbative gluon exchange

@ Fock energy with Dgjon o ﬁ
gluon
5 Gvigtq)® with G dmas/3 frozen
repulsion = Gv V= 0M2 L gkl Qs —
IM2,,., + BKE’

Y. Song, G. Baym, T. Hatsuda, and T. Kojo Phys. Rev. D 100, 034018 (2019)

o Density dependent coupling

67'('2 <q+q> 1/3 Gvacuum
ke =| ————— = Gy = L4
1+W(f)

gluon

o High density asymptotic

1

3 = c§—>§

Erepulsion X <q+q>
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Medium dependent couplings

G\/(n\/) — G\\;acuum . f‘(n\/)7 GD(nD) — GBQCLILIITI . f‘(nD)

nv = (q"q), np = [(G°im2v5A29)|

@ Medium dependence

f(n) =

gluon

8 m2n 23] 71
1o > (27
o (%)

o Rearrangement terms (needed for thermodynamic consistency)

o0
frfy=——"
(fTf) Onr
u .
Q—>Q-0y+0p wth ©;= dn HZBGa,-,(]n)
0
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Asymptotically conformal EoS (symmetric matter @ T

o Conformal matter

d+1 1 i p
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Conformality is reached at p5/3 >> Mgyon
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Asymptotically conformal EoS of neutron stars

@ Setup: electric neutrality, S-equilibrium, Maxwell construction with DD2 EoS

e Scanning over 7, = &

Gp
Gs }vacuum and o =

Gs lvacuum

1000
1000 7
Miller etal., Hebeler etal.,
Hebeler etal.,
100}
100} .
-~ ‘
- B
L=} >
i ()
< =
=) E
o 10F
10
M, = 600 MeV i
. DD2npY-T o006l
P ——-+ (0.200,0.610)
—-—- (0.260,0.710) ~ — - (0.225,0630)
0.290, 0.730) — - (0.255,0.650)
A - (0:330,0.750) Krigeretal, | 290, 0.
l W e, e ! 8 . 0.290, 0.670)
14 000 100 1000
-3
€ MeV fm”] € [MeVfm™]

The w-meson value of 7y and the Fierz value of 7p
prefer early deconfinement?
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Speed of sound
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Mass-radius diagram
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Observational data prefer early deconfinement?

ii lvanystkyi Color superconductivity in astro and HIC



Tidal deformability
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Observational data prefer early deconfinement?
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Conformality in neutrons stars?

@ Speed of sound

cZ = 1 in conformal matter

e e

g e |

o Compression modulus

_on2 0> E
KNM = 9!75@2
Knm = —3“73 < 0 in conformal matter

Both cZ and Kyu contradict
conformality in neutron stars
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Phase diagram (Q-neutral, 8-equilibrium, Mgj,0n — 00)
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Conclusions

o Effective "confining” chiral model with color superconductivity is derived
based on the x-symmetric density functiobal

@ Medium dependent quark-meson couplings provide conformal limit

o Agreement with the observational data on compact stars implies early onset
of quark matter

@ Neutron star matter is unlikely to be conformal

@ Deconfinement to color superconducting quark matter leads to the
temperature growth along the adiabats

@ Perspectives: supernovae

neutron star mergers
unified quark-hadron EoS
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Context: Density functional theory

replacing inner electrons

with pseudopotential 1
- ‘core

)
all electron N A pseudo
wavefunction wavefunction
v \/ 3 H T
~ 7 all electron pseudopotential
potential H
ifeurorr

(Dirac)Brueckner-Hartree-Fock T-, G-matrix based theories

)

Density functional theory

Many body problems

Quantum chemistry

Skyrme-type models for nuclear physics
String Flip model for quark matter
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Bosonization

@ Hubbard-Stratonovich transformation

ol f o] - o] ()

o Vertexes: [ s =1 = scalar-isoscalar o-field
[ps = in®F = pseuscalar-isoscalar 7-field
i — A _. n_f;
I, =~* = vector-isoscalar w*-field X i >___<
' = ~*7 = vector-isovector p"-field
fg = i75Aam = scalar diquark A-field

o Bosonized Lagrangian (m* = m + X5 - effective mass, Q7 = (q q°)/V2)

o2 W R AN

_ 1n_ L
£+q fia = QS @ 4Gs 4Gp5+4GV 4G, 4Gp

—UnF +(qq)(Xs + )

A St [AavsT2A N S L -
S ( iA*7+572)\A I A7‘5§T31 ! > , Sit=id—mt—o—in’R-TE (Yo +pT)
A —
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Mean field

o Field equations for o and 7

o =2Gs((qq) —qq) e .
{ 7= —2GpsqiTVsq = (o) =(m) =0 = o,7 — beyond MF

comment: (o) = 0 does not assume y-symmetry since (gq) # 0
@ Thermodynamic potential
(Wu) = 0uow,  (p5) = du0dazp,  [(Aa)| = dald
U
1 W2 02 A2

— A_l —_— —_— — — [ — A
25VTrIn(ﬁ5) iy 4GI+4GD+UMF (9q)xs

Q:

o Vector fields, diquark gap, x-condensate

o0 o9 (2,9 _ o0
%—0» %—07 87A_07 <qq>—z
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Superconductivity onset

T=0

@ Single quark energy and distribution 2400

Ef = sgn(Er T pe)V/(Er T pu)? + A2

2SC

quark matter
1800

— fexp(EZ/T) + 1]
e Gap equation 2 1200 5
o °
00 dk 1-2ff 2fa = s
aA 2 D Z/ 600 - qul:roergiter
\
two solutions : A =0 or A #0 02 04 ve 08 !
e Two solutions coincide = SC onset No vacuum superconductivity
0%°Q \
ON2 A:o:O = e =ps(Co) np S 0.78

(agrees with the Fierz value)
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Asymptotic of pressure

e Perturbative QCD: p/psg ~ 0.8, § — +0 in symmetric matter
@ Scanning over M,p vs M,y at different 7p

1000 . " - 1000
$ 805 6
1008 06 i K
800 I r 800 i1
=600 \ 4 =600~ \ 4
] : - © R
= 400 = 4001 A
200 200
\ \ =045\ 1+ \ \ Np=0.75\\ 1+
S Joo kN WY,
0 100 200 300 400 500 0 100 200 300 400 500
My [MeV] My [MeV]

hatchet region: 6 — —0 - contradiction with pQCD

Mgy ~ 400 MeV and Mgy ~ 800 MeV?
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How to define Gy, G, and Gp?

@ Mesonic correlations

2 ,/.—r'2 UJ2

2
vy
4Gs 4Gps 4Gy 4G

Di_l(pz) = 22[—@% - one-loop mesonic propagator

D;'(M?) =0 = mesonic masses

L=..+G(o+ivwT-T+¢+p-7)

o Fierz transformation - rearrangement of Dirac, color and flavor indexes

(Vu)mn (’V,u)m’n’ = 1'mn’1m’n + (Z,’Y5)'mn' (i’75)7nn’

1 1
= 5P G Lt = glali + 5 (Ta)ulTa)is
2 mn m'n . 16 1 I /
1 A(“Xb/\?x e — Lo Loy — *)\Zb )\Zb
- 5 (’Y‘L’YS)mn’ (’V,Ltryfi)’m’n 9 3

coefficients - proportional to couplings

Gs:Gy:G :Gp=1:05:05:0.75
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