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o Relativistic density functional approach
o Mean field

e Beyond mean field
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Relativistic density functional

L=4(i§ —mg+Ly+Lp—-U

e Vector and diquark interaction (important for astrophysical applications)

Ly =—=G6v(@1.9)° Lp=Gp Y (q§15m22aq%)(G1572An0)
A=25,7

@ y-symmetric density functional

(Gq)* + (GiTysq)? is x — invariant = U=U [(aq)2 + (Gii”%q)z]

Wi

U = Go [(1+ a)(dq)® — (99)* — (qiT59)°]

Go — coupling constant

a > 0 — controls quark effective mass in the vacuum
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Expansion of RDF around (gq) and (GiTy5q)=0

U=U+(3q ~ (39)) Zur — Gs (99— (qq))” — Grs (@iT75q)" + ...

o 0 order
U = Ugq) (gi1sa)

o 1°* order — mean field self-energy of quarks

ou
Yvr= 5=

9(qq)
o 2" order — effective couplings in (pseudo)scalar channels

1 9%V 19U

°T T 20(qg)? T 60(qiT5q)2

PS —

Effective couplings attain medium dependence
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Medium dependent couplings and quark self energy

@ Zero chemical potential
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Comparison to NJL model

L =g(id — (m+ Emr))g + Gs(3q)? + Gps (GiTysq)” + ...
—_——
effective mass m*
o Similarities:
@ current-current interaction

@ scalar, pseudoscalar, vector, diquark, ... channels

o Diferences:
© high m* at low T and/or i - phenomenological confinement

(gq) =(4Gq)o = m" " =m— %Goﬁq)é/3a_2/3 — diverges at & — 0

© medium dependent couplings

low T and/or 4 = Gs # Gps = broken xy—symmetry
high T and/or p = Gs = Gps = restored x—symmetry
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Bosonization of (pseudo)scalar interaction

o Hubbard-Stratonovich transformation

exp de Gs(afq) ] /[Daﬁ]eXp{ / <f§+q¢rq)]

X =)=

o Bosonized Lagrangian (m* = m + Xy - effective quark mass)
L = q(id—m")g+Ly+ Lo~ U+ (Gq)Tmr
o? 72

T T q(o + i®7vs)q + 0(qq)

fullly beyond mean field terms

e Field equations for ¢ and 7

o =2Gs((9q) —qq) e L
{ 7= —2GpsqiTYsq = (o) =(m) =0 = o,7 — beyond MF

comment: (o) = 0 does not assume x-symmetry since (Gg) # 0

Oleksii lvanystkyi Density functional approach



Mean field (w, = g, 0w, A = const, 0 = 7 = 0)

o Nambu-Gorkov Lagrangian with bosonized vector and diquark channels

m *
wpwh JAV VAW

+A~ _Ac-1
L+q7ig=QS5:Q+ 4G, G,

- U+ (q9)xmr
0= 1 ( q ) -1 (I'(?—F ¢ — m* +ofi IAAY5T2AA )
V2 \ 9° NG IAAY5T2AA if+ ¢ — m* +

o Statistical partition and thermodynamic potential

z-= /[Dﬁl[Dq] exp U dx (£ + ‘7+ﬂq)]

1 2 A?

_ w _
Trln(ﬂSNé) T a6, + e +U—(qq)Zmr

1

o Vector field, diquark gap, x-condensate

o0 o0 _ oQ
aTu_O’ 87A_0’ <QQ>—Zf:8mf
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Superconductivity onset

T=0

o Single quark energy and distribution 20

Superconducting
quark matter

Efi = (Ef F /Lf)2 + A2 2000 -

= [exp(E7/T) +1] 7

= g
e Gap equation < = 2
= 28
@ Z dk 1_2ff _0:L r Normal iofs
oA 2 5 - quark matter
500
4
two solutions : A =0or A #0 0 . e 5 T %
Mo
o Two solutions coincide = SC onset No vacuum superconductivity
0°Q
— =0 = = G
D22 | o ne = 18(Gp) 4
D 5 2.5
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Effective mass and diquark gap
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Hybrid EoS for compact star matter

350 : | .
o Cold matter: T =0 sool o A
—  (Mwnp) =(03,15)
o Charge neutrality: electrons e
250 (0.0, 1.5)
o (B-equilibrium: =
E 200+
[d = Hu + He 2
E 150 +
e Hadron EoS: DD2 2
S. Typel et al.,, PRC 81, 015803 (2010) 100
@ Maxwell construction: gl
cy c
pq(UB) - ph(:uB) 0 i | | L 1
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Compact stars with quark core

2,5 — 1 — T T
o Hydrostatic equilibrium
J0740+6620
P 47rr3p 2
dp Gmp (1 + p) (1 + ) NICER J0030+0451
- = — 2 2Gm Miller et al.g
dr r (1 - )
15F
dm 5 = GW 170817 excluded
— = 47r Bauswein etjal., GW 170817 excluded
P
dr g Annala et al.,
o Cold matter EoS 1
p = p(ug)
{ .06 o = P=pp) — b
P=HKByu, — P 05 — (Mwnp) =(0.3,1.5)
—_ (0.2, 1.5)
. —_— (0.1, 1.5)
o Total radius R and mass M (0.0, 1.5)
. 0 : :
r=R = p=0 8 10 12 14 16
m=M R [km]
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Mean field phase diagram

@ BCS relation
N7r—o =1.764T,

o Ny = 0.3, np = 1.5

Ar

g = 1000 MeV = ;*0
At

g = 1000 MeV = —I=2
Tc

BCS relation is
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Beyond mean field (i1 =0 = w = A =0)

L=55"q— — — —— +0(qq) — U+ Tur(g
R e T T o(qq) — U+ Zmr(qq)
R R 3‘,\7,; =i — m* — MF propagator

S1=5,}+%n,
Ym=—0— iThys — beyond MF self — energy

e Integrating g, q and expanding up to O(Z3)

e trin(4S—1 o2 72 _ _
£ = %*E*ZLGPS*U(CICI)*UJFZMFW@
2 2
Q. LT

~ 1 a
. 4a) — tr(5urEa) + tr(SurEn)?
4Gs  4Gps + 0<qq> tr(SMF ) + 2tr(5MF )

vanishes under [ dx

o Polarization operators of mesons W\Q\AA

N, = —tr(:gM,:)z
N, = —tr(Surivs)?
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Beyond mean field thermodynamic potential

1 1 3 1
Q=0Q trin [872( — -1, trin |82 - N,
et [ (o =)+ v [ (a5 —)
Qo Qr
@ Meson propagators fr =90 MeV
1 1 1750 T
D-'=_—_-n, Dl'= -,
4 2Gs ’ ™ 2Gps 1500 — 2X771 MeV
@ Meson masses 1250

— 1150 MeV

J

D=0 = E(k. M=E(0) 3
s
@ Meson phase shifts

D; =|Djle’% = §; =ImIn(372D;
J J J J

@ Beth-Uhlenbeck EoS o 50 300
d*k _ 06;
Ot 38 =47 [ (- o)

Jj=o,7
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Beyond mean field pressure

250

quarks
200+ | —— pions
—— quarks+pions
e  Borsanyi
JHEP 08 (2012)

o Total pressure

pP= Pquarks+phadrons+u(¢) + Ppert
—_———

missing 100

p [MeV fm™]

Z/l(d)), Ppert - provide g—?. >0

D. Blaschke et al., Symmetry 13 (3), 514 (2021) 50
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Conclusions

@ y-symmetric density functiobal = effective " confining” NJL model

@ Medium dependent quark-meson couplings, derived consistently with model
and symmetries

@ Straightforward addition of vector and diquark channels

@ Good agreement with the observational data on compact stars even at weak
repulsion

o Lightest mesons

@ Next steps:
© strangeness
@ other mesonic states and baryons beyond mean-field

© unified quark-hadron EoS (hadron dissociation via Mott effect, hadronic
correlations via Beth-Uhlenbeck approach)
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