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Landscape of our investigations

- SYSTEMS UNDERSTANDING

RHIC, LHC
Lattice

RHIC (BES L)
SPS, FAIR, NICA
J-PARC, HIAE...
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Neutron stars
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Figure from T. Kojo arXiv:1912.05326 [nucl-th]

David Blaschke - Density functional approach to quark-hadron matter |



Ultra-heavy Nucleus-Nucleus Collisions ! ) SASYS

Binary neutron star merger simulation: S. Blacker, A. Bauswein

Population of the QCD phase diagram with mixed phase; time =6 ... 25 ms
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S. Blacker, A. Bauswelin et al., Phys. Rev. D 102 (2020) 123023
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Ultra-heavy Nucleus-Nucleus Collisions !

Mass-radius diagram for purely hadronic EOS
Population of the QCD phase diagram in a merger1.35 M_sun + 1.35 M_sun

I -

} H‘” " i EoS for applications to
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S. Blacker, A. Bauswein, et al.,
Phys. Rev. D 102 (2020) 123023
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Ultra-heavy Nucleus-Nucleus Collisions ! N SASYS

Signal of a deconfinement transition
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Strong deviation from flmk - R, , relation signals
strong phase transition in NS merger!
Complementarity of flmk from postmerger with

tidal deformability A, . from inspiral phase.
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Neutron star phenomenology from TOV eqns. CASVUS
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There is a 1:1 correspondence EOS - M(R)

Tolman-Oppenheimer-Volkoff (TOV) equations

Einstein equations

G = 81G T,
Non-rotating, spherical masses — Schwarzschild Metrics
2M 2M
ng = —(]_ — T)dtﬂ -+ (]. — T)_ld?‘g -+ Ti}dﬂ?

Tolman-Oppenheimer-Volkoff eqgs.*) for
structure and stability of spherical compact stars

D o) Arre P(r - Gm(r)\
dP(r) _ _Gm(r)s(r) {1 P”.’l i lr fl?} [1 - 2onln) )
dr r e(r) m(r) \ .
Newtonian case  GR corrections from EoS and metrics

)R.C. Tolman, Phys. Rev. 55 (1939) 364; J.R. Oppenheimer, G.M. Volkoff, ibid., 374

David Blaschke - Density functional approach to quark-hadron matter | 7




Neutron star phenomenology from TOV eqns.
There is a 1:1 correspondence EOS P(g) ~ M(R)

Tolman-Oppenheimer-Volkoff (TOV) equations - solutions
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“Berlin wall” constraint for neutron stars

Realistic hadronic EOS (with strange baryons)

Tension with modern multi-messenger observations by LVC and NICER

3 T T J T J T T i T J T

S ai Examples for hadronic EoS without
e ~ | (dashed lines) and with (solid lines)

= h‘:\t.:‘t\ \",‘ strange baryons. EoS which fulfill the

o 1, N S \ _ observational constraints should be left
o B, g, ) NN 3 of the vertical line at 1.4 Msun and
bt B T Py T 1 B should cross the horizontal line for the
’ Tn "y = "o N ' minimal maximum mass at 2.01 Msun.
2F @5 < » \ = There is no EoS of this sample which

fulfills both constraints !!

| GW1TD817 a,

— ittt A
E@ — LHS — PK1 — DD2
= RMF201 = NL3wp  =—— PKDD
E — NL3 S271vh —— DD-PC1
I —— Hyhrid — HC — FKVW
1 o | — T2 DD-LZ1 = PC-PKI
— NLSV1 —— DD-ME2 =—— OMEG
From Tab. 2 select EoS which fulfill (w. Y)
70 < A_1.4 <580 and check their M_max
. EoS M_max EoS M_max
: ' - ' - ' - : - ' : ' NL3wp 1.974 DD2 1935
46 11 12 13 14 15 16 DDLZ1 1.989 PKDD 1.781
Sun, Miao, Sun, Li, ApJ 942 (2023)55; R (km) DD-ME2 1.971 HC 1828
arXiv:2205.10631 [astro-ph HE] OMEG  1.862
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“Berlin Wall” constraint for neutron stars?
Mass-radius diagram for purely hadronic EOS

Appearance of hyperons softens the EOS - Limitation for the maximum mass
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Qg and Ly, allowed by yEFT and maximum mass constraints are [\ BE T EELE R =g T Wall is inferior
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Neutron star EOS constraint from pQCD

10% pacD }
excluded by -
Integral ~ PQCD ]

o constraints ”
u.E: 1000; Causality i\ ;
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O. Komoltsev and A. Kurkela, Phys. Rev. D 128 (2022) 202701
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Consistency check for neutron star EoS from
the CompQSE library
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Result: Not all EoS fulfill the consistency check with
pQCD asymptotics! pQCD important for NS!



Breaking the “Berlin wall” constraint i;, CASVUS
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With Bayesian analyses and hybrid EOS

M(R) curves generated by causality, thermodynamic stability and pQCD limit

3
M[Mso] £ [GeV/fm~]
35 - 25
e NICER 074046620 NICER 07505620
- ey efal, Milker et al.,
8 ; !
3-0 7 RN R STT
2 - -
25 GW 1T
L3 e ;?ual
2n = EG‘ _ﬂhhnllﬁﬂl" W1 70R1 T exchuded
E < Arvmala et al
~ @ | WTCER NS <4
1.5 _.E... 1 B
& (Gypy % const)
2 ) # Ccons
1.0 —‘”DDEHPY-T
05 | === (0260, 0.710)
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8 0 1@] 11 i% 13 1& 15 1% 17 B Lo 12 14 16
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The conjectured “Berlin Wall” overlaid to the Fig. 2 from Gorda, Komoltsev & Kurkela [2204.11877 [nucl-th]] and
hybrid EoS with quark matter described by a CSS model (left) and a confining relativistic density functional (right).
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.. with multhuark clusters was initiated by Peter Schuck (front right)
l-r_'.ru.l,m

"

Workshop on "Light Clusters in Nuclei and Nuclear Matter: ...
ECT* Trento, 2.-6. September 2019
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Unified EOS for quark-hadron matter f'\ CASVUS

.; CoTc FoR ADVANCED
EPJ A Topical Collections (TC)

- STEMS UMD F 'I}-H MG
voleme ¥ - special Issus - January - 2025 New ] C-

A "The Nuclear Many-Body Problem”

B ey cosonr Devoted to the legacy of Peter Schuck
Segs) i st Physicsl Seclsty )
Hadrons and Nuclei Topies

Topical lssue - Light Clusters in Nuclel and Nuclear Matter; @ The interacting boson model and collective

Nuclear Structure and Decay, Heavy lon Collisions, and Astrophysics :
T phenomena in nuclear systems

st Bl asciolsns, S oo, Masaakd Kimur, Gero Afple and Peter S

Nuclear energy density functionals

Equation of motion method and extended

RPA
Quantum condensates and pairing

Alpha-particle clustering

Pions and related experiments, astrophysics

Applications in solid state physics,
quartetting in semiconductor layers, etc.

&) Springer More details on the symposium website and
tl::'. -, [

https:/ /epja.epj.org/epja-open-calls-for-papers
From ECT* Trento Workshop in 2019 New Deadline: 15. August 2023
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Clustering aspects in the QCD phase diagram
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nuclear neutron stars deconfinement HEB
saturation

From: N.-U. Bastian, D.B., et al., Universe 4 (2018) 67; arxiv:1804.10178
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Unified approach to quark-nuclear matter ( Y CF‘SUS
d-derivable approach to cluster virial expansion
A A " '\
Q=) =) qq[Trin(=G )+ Tr(L, G)] + > ®[Gi, G, Giyj] ¢
=1 =1 \ i—l—i}j:J' /
. 5o
& = By, Tl A ) =

(sl‘GA(l . a .A, Lo .A",EA)
Stationarity of the thermodynamical potential is implied

5Q
SGA[L:.. A 1. A, Z3)

Cluster virial expansion follows for this ®— functional

i
R
n L]

Figure: The ¢ functional for A—particle correlations with bipartitions A =i + j.

—=1J .
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Green’s function and T-matrix, separable approx.

7 1 () o B 1
t+ 7
i - » i o
j i j

The T4 matrix fulfills the Bethe-Salpeter equation in ladder approximation

0
Tj.H'(].._. 2, ST ,A; l,._. 21, e A!; Z:l = V;H + Vj_H' Gf[+_1l' T,'_H' .

which in the separable approximation for the interaction potential,

Vi =Dl L cov Lk s a2 s L)L +2), . (T +d))

leads to the closed expression for the T4 matrix

; ; ’ ; —1
T8 2y cd 5152 0 L 0)52) = Vi 41 =iy ¥~
with the generalized polarization function
I'I,-ﬂ- =2y {rf—l-j G::D}F,'_H' Gj{ﬂ}}

The one-frequency free i—particle Green's function is defined by the (i — 1)-fold Matsubara sum

(0) . - 1 1 1
G (L2 s i3 U) = Doy =B w=E@) " (ot ) —ED

_  (-Ai)1-Bh)..A-F)—(-)hAh.. .f
= O, —E(1)—E(@2)—..E() :
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Useful relationships for many-particle functions

- SYSTEMS UMDERSTANDING

0 0) ‘ z ] = Q) s - 2 : 5
c:f+j c;,fﬂ(1,2,...?;+_;;ﬂ,-+j] = ZG}}(l,z,.-.J;Q;)({}[ Wi L i, TR,

Another set of useful relationships follows from the fact that in the ladder approximation both,
the full two-cluster (i + j particle) T matrix and the corresponding Greens’ function

Giyj = .[2 {1—n} 7 (1)

have similar analytic properties determined by the i + j cluster polarization loop integral and are

related by the identity

0
Tisj G,{+j VitiGisj - (2)

EU} stiid

using Equation (1). Since these two equivalent expressions in Equation (2) are at the same time
equivalent to the two-cluster irreducible © functional these functional relations follow

which is straightforwardly proven by multiplying Equation for the T; ;— matrix with G

- (v}
Tiyj = 80/3G)

Vi = 00/5G,; .
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Generalized Beth-Uhlenbeck EOS from ®-deriv.

Consider the partial density of the A—particle state defined as

BﬂA dw 1
PA(To) = =2 = / f = [m(—6a") + Tr(Ta Ga)] + 3 916i.65.Giyl -
Using spectral representatmn for F {w} and Matsubara summation i +er: A
) oo dw ImF(w) ca 1
Fln)= [ @ ————, 3 —2 —fi(w) = ,
—oo 2w w — izp zn W~ IZn exp[(w — p)/T] — (—1)

with the relation 9f4(w)/Opn = —8fa(w)/Bw we get for Equation (3) now

it B80[G; ,Gi Gl
nA[T:“) _dAf 2—}3- Jr fA(W}B— [Imiﬂ ( G 1) -+ II'ﬂ(IA GA]iI —[—Z ij —IB_M:J—A z
f+j=n"-l

where a partial integration over w has been performed For two-loop diagrams of the sunset type holds a cancellation® which
generalize here for cluster states

aP[G;, Gj, G4]
f(2 )3[—A(w}—(ReEA ImGy) — ,Z a,uj =
r—|—jd=A

Using generalized optical theorems we can show that (G4 = |Ga| exp(ida))
a
Bw
The density in the form of a generalized Beth-Uhlenbeck EoS follows

o 864
[Imln( o ) +ImX4 ReGA} = 2Im [GA ImI, ——G; ImEA] —2sin? & — -
(455

Wt

A

ad;
n(T. ) =3 (T, ) = f(z [ S fwpzsn® 5,

=1

n, Vanderheyden & G. Baym, J. Stat. Phys. (1998), J.-P. Blaizot et al., PRD (2001)
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Example: deuterons in nuclear matter

s SYSTEMS UMDERSTANDING
The ®—derivable thermodynamical potential for the nucleon-deuteron system reads
) — 1% {ln(—Gl)} — 'IT{Zl(ﬁ} + Tr {|I‘I(—Gz)} + TI‘{ZQGQ} + d)[Gl, Gg] :
where the full propagators obey the Dyson-Schwinger equations

Gy (1,z) =z — Ei(p1) — Z1(1,2); G, 1(12,1'2,2) = z — Ei(p1) — Ea(p2) — X2(12,1'2’, 2),

with selfenergies and ¢ functional P |
a1, 1) —6(!) (12,12, z) i b= o/
3 - : s yZ) = s ¥ = TET
: SGL, 1) " 3Gy(12,1'2’, z)

fulfilling stationarity of the thermodynamic potential 9Q/9G; = 92/8G, =0 .
For the density we obtain the cluster virial expansion

1 90

n— —FE = nqu(‘u, T) + 2”(:01‘1‘(,“3 T) 3

with the correlation density in the generalized Beth-Uhlenbeck form

dE : do(E
i = fgg(Epsmz J[E)% .
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Cluster virial expansion for nuclear matter ( CASVUS

Example: deuterons in nuclear matter
See talk by G. Rdpke

T=5MeV
_I T E T T T T T T T T I T T T T | T T T T | T T T T T T T T | T T T T | T T
3__ —_— n=0001fm"| |
I — n=0.003 fm"
& = n=001 fm"
= = 5003
:"r.é AN — n=01 fm_3
=
=TH] L
=
= [
g |
% A
m -
D 1

0 10 20 30 50 60 70
energy E [I\/IEV]

Figure: Integrand of the intrinsic partition function as function of the intrinsic
energy in the deuteron channel. Mott dissociation and Levinson’s theorem!




Cluster virial expansion for nuclear matter

( ’CF\SUS

s STEMS UMDERSTANDING

Example: deuterons in nuclear matter

0.14
=0
L=
>
- 0.12
0.1—
0.08—
0.06—
0.04— ‘ .
| ——=—— ALICE dala, Pb-Pb |5,,, = 2.78 TaV, 0-10% cantral
|- — Primordial yield, according to guantum state properties
0.02 __— Fead-down canfribution included, leading to increased yield
= —————  Including the continuum contribution
IE Final visld after correction from phase shift

Deuterons Antideuterons

See talk by G. Rdpke

Production of deuterons at the

chemical freeze-out temperature
Ts. = 156 MeV in the LHC-ALICE

experiment for /syn = 2.76 TeV.
— "snowballs in hell"

[Oliinychenko et al., PRC 99(2019)]

Important contributions from
scattering state continuum in the
deuteron channel! Cluster virial
approach — Beth-Uhlenbeck EoS

B. Donigus, G. Ropke, D.B., PRC 106, 044908 (2022)




D
Unified approach to quark-nuclear matter ( CASVUS

.’ CENTER FOR ADVANCED
o . - YSTEMS UMDERSTANDING
Cluster virial expansion for quark-hadron matter
The cluster decomposition of the thermodynamic potential is given as
QtOtﬂl(T'J Iy P, (;_f)) == QPNJL(T': 1L, @, ﬁg) ot QPEI"E(T} Iy P, Q_&) =+ QMHRG( &y Ity @, (;5)*

where the first two terms describe the quark and gluon degrees of freedom via the
mean—field thermodynamic potential for quark matter in a gluon background field U4

QPNJL(Tr#: o, (15) . QQ(T:P’“: @, 95) +H(T¢ G_S)

with a perturbative correction Qpert( T, 1, ¢, @).
The Mott-Hadron-Resonance-Gas (MHRG) part for the multi-quark clusters is

Quire(T, 1,0, 0) = Y (T, . 6, 9),

i=M.B,...

where the multi—quark states, described by the GBU formula for color—singlet species:

o0 2
(T 1 6,3) = id,-/ “”"—Pf dMM{f‘"‘” M s(M, T,
0 0 ¢=1

272

color-triplet species (color antitriplet is analogous):

. N oag [Tdp P [TAMM (G [,
(T, 1, ¢,8) = id’/u — /D - Ep{:; + #4 ] b (M, T, ),
where d; is the degeneracy factor, a is the net number of valence.quarks in the clustel
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Results for a schematic model

- SYSTEMS UNDERSTANDING

Hadron phase shift with Mott effect,

Quark and hadron mass spectrum :
Levinson theorem

100 ——— " 1 —— = ] J a1
3 _
1000 |
25F =
2 =
= .
g 100f "
— 1.5F o
—_— M,
—_ M,
—— Ml] 1 2 ul
10F | — My
T Fhadmn i
05F -
0 100 200 300 400 100 1000 10*
T [MeV] M [MeV]

D.B., M. Ciernak, O. Ivanytskyi & G. Ropke, in prep. for EPJA topical collection
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Results for the entropy density at y/T=const

- SYSTEMS UMDERSTANDING

20 T T T T T T T 20 T T T T T
| pg/T=0
! lattice
15+ =
i o 15
10+ 7]
B = jof
) W
5} — gluons = - =
) ”~ §
L
i S
ks
0 [ hm‘um"“ ;-_\‘:,I_linl'ed clusters 5 _
1 e ~— Perturbarjye
Correction
_5 i I ) ] ' I i I i | ' O I 1 1 1 I § | i I L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T [MeV] T [MeV]

D.B., M. Ciernak, O. Ivanytskyi & G. Ropke, in prep. for EPJA topical collection
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Results for the baryon density at y/T=const

s SYSTEMS UNDERSTANDING

1.25 T T T ’ ' Tarks  — 1 T T T T T
ug/T = 3.0 5= L uons -
lattice P 1 i
. : 2 ] | —— W/T=3.0
4 total - ks T ng/T=2.0
| ) | e He/T=1.0
0.75 . L
0.6
L ) :
~, 05[ - =
- i - L
04
0.25 =
- hadrons o\
3 12y colored clusters
: % 02}
0 e .
'D‘“r{t.r
COP gy Ve
-0.25 i : I ; L ; L i m| s o Y | 0 ; I e e i . |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T [MeV] T [MeV]

D.B., M. Ciernak, O. Ivanytskyi & G. Ropke, in prep. for EPJA topical collection
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Relativistic density functionals for QCD
String-flip model for quark matter

Ropke, Blaschke, Schulz, PRD34 (1986) 3499

B
Z—]D@quxp{/ dr/d%[ﬁeﬁmﬁq]}, o= (1), &= ding(uu. i
0 |4

— 0 = . ) .
Lot = Liee 1 U(3q,3709)|; Lipe = 6(—%5 +W-V—m)q, m = diag(my,mq)

General nonlinear functional of quark density bilinears: scalar, vector, isovector, diquark ...
Expansion around the expectation values:

U(qqa QF]"DQ) — U(ﬂ'ss nv) + (qq == ns)zs +(@70q 1 nv)zv o ’

_ 9U(ag,4709) U (ns, ny)
(qq) = ns= N f = __mz s 7 - |
fzud Jn ;d Vv 3mf a(QQ) gg=n, 8115
i dU(aq, 4709) OU (ns, w)
Trg) = nv= ) Nvs= o Py = ] )
J fgd e Z V oy 9(q709) gy0q=ny Ony

= /'Dé'Dq exp {Squasi[q, 9] — BV O[ns, nv]} , Olng,ny| = U(ng,ny) — Lsng — Lyny

Suasi[d ﬁZZqG "wnsD)a, G Nwn,P) = Yo(—iwn +a*) —7-F—m*
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- YSTEMS UNDERSTAMDING

= [Dgﬂ)q exp {Squasi|q, g — BV O[ns, ny]} | O[ns,ny| = U(ns,ny) — Egng — Eyny

B sty = /D@Dq exp {Squasi|d, q]} = det[3G7], Indet A = Trin A
/ b "
Pl = % 2 ane: = ?Tr ]n[BG‘l] “no sea” approximation ...
— 2N, Z f ~P(E} 1] ]+Tln[1 + e PE; +ﬂf1”
dp p" ) .3 —_— B} = \/p* +m}®
Pquam: Z /;E* [f(Ef_ﬁf)'i'f(Ef-l_#f)] \/
f=u,d f f(E) =1/[1+ exp(BE)]
PF.f dp pt . g A
P= ¥ f —E%—@[ng,ﬂw]a PFJ:\/ﬁ}Z—m;z B —’-':“JFEE
f=u,d 0 » f = p— 2,

Selfconsistent densities

3 PF, f m P Pu+?’
:_Z;&m; ?T_Ef_z:d/n ppEf.wu—ZéM—ﬁng e PTEH

—ud f=u,d f=ud
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Relativistic density functionals for QCD

String-flip model for quark matter

Density functional for the SFM

bnl
2/3 2
U(ns,ny) = D(ny)n2/® + an? + m

Quark selfenergies

By = gﬂ{m)n; /3 Quark “confinement’
4bn? 2ben dD(ny) o3
Xy = 2an, + ited  ALcl) . N,

String tension & confinement
due to dual Meissner effect
(dual superconductor model)

D(ny) Do®(ny)

Effective screening of the
string tension in dense matter
by a reduction of the available
volume «a = v|v|/2

]-|
q"{”'ﬂ} = {E—n{ﬂﬂ—ﬂu}21

it ng < no
if ng > nyp
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String-flip model for quark matter

s SYSTEMS UNDERSTANDING

Results for 1st order phase transition by Maxwell construction with DD2p40

GF T T T T T T T T
L —— DD2p40 sx ¥ ,/j
- 5(]0 [~ e =), 1 ’ " / / i T T T T
E™ = =02 ol A SR ]
= 400+ 0=0.3 T / ] - ‘:
§mﬂ"“' o L b 241 —
= 200} i o ]
£ 100 g 2 :
0 51 EE I ' j
T B " L I |
t . - 1.6 : il |
-c =3 W T - -
E {2 ]
g > P
v ioed 12§ .
3 ~ Py L
2 0.5 ] Vs 3 ]
2 1 osf - 4 ]
. i — DD2p40 |
z ”' T (T SR SR [P (R S| l : l l : : ' i
200 400 600 800 1000 1200 1400 100 1.0 120 130 140

3 Radins [kml
€ [MeV/fm']

Kaltenborn, Bastian, Blaschke, arXiv:1701.04400 —* Phys. Rev. D 96, 056024 (2017)
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SYSTEMS UNDERSTANDING

-
Of massive blue supergiant star explosions
a ID:I = 2] TT |||||||||||||I|||II|III h 103 |||||||||||||||||II|III
flow constraing < - —SUpEmcVa matter (S=3) |
o[ — et matter (T=0) g 7 2
L 10 BE' 10 E
B T
= 10' = 10 -
& = i
10° : ;
1 2 3 4 5
PPsat s
¢ mra d
50 M, (explosion)
-~ - 50. M, (lailed)
----- 12 M,
quark-gluan
plasma i
f
Fi
:
I F— - 1o
' biack hole /
' r:mﬂlﬂl I I“._ farmation Iljlf
| i/ g
N LI 6 l /g 10
[} e, - . J e
3 ; -
Y - / &
p<) ) / 107
| -,
\\ -
\\ Progenitor:
o =
. i M=50M,
: e 0 05 10 15 20
N time [s]

| 0 {core bounce)

T. Fischer et al., Nature Astronomy 2, 960 (2018)
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Relativistic density functional for quark matter ( N SASYS
With chiral symmetry, color SC & confinement

SYSTEMS UNDERSTANDING

Lagrangian L=q(i —m)g—-U+Ly+L+Lp
@ Scalar & pseudoscalar interaction channels
U = Go [(1+)(qa)} — (a9)? — (di7sa)?]°
(motivated by String Flip Model, y-dynamics, quark " confinement")
@ Vector-isoscalar interaction channel
Ly = —Gy(quq)°
(motivated by gluon exchange, stiff EoS needed to reach 2M,;)
@ Vector-isovector interaction channel
L) = —G(qu7q)’
(motivated by gluon exchange, isospin sensitive interaction)

@ Diquark interaction channel

Lp=Gp Y  (qiysm2Aaq®)(G ivsm2Aaq)
A=257
(motivated bv Cooper theorem. color superconductivity)
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What Is new?

- SYSTEMS UMDERSTANDING

O. Ivanytskyi & D.B., Phys. Rev. D 105 (2022) 114042

Interaction 1/ = Do [(1+a)(7q)3 - (@4)* — (qi750)?]”

e Parameters

Do - dimensionfull coupling, controls interaction strength

« - dimensionless constant, controls vacuum quark mass
(gq)o - x-condensate in vacuum (introduced for the sake of convenience)

w=1/3 x=1
| 4

motivated by String Flip model Nambu—Jona-Lasinio model
Usem o< (qTq)?/3
Yory = aé}f;f?) o (gtq)~1/3  separation

e Dimensionality

U] = energy*

(] = enermy® = [Do),.=1/3 = energy® = [string tension]

self energy = string tension x separation = | confinement
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Relativistic density functional for quark matter ( ) CASVUS

Expansion around mean fields

- SYSTEMS UMDERSTANDING

U= Uur +(99—-(99))Ls — Gs(qq - (qq))” — Gps (ﬁfF75Q)i+ v

Ny

0th order 1% ardei 2nd :trrder
L'|_= L ]
. .' X -restored
@ Mean-field scalar self-energy 5-_ Gg # Gps ph;m
{ ~ X-broken
) OUMF 4r phase
9(qq) |
3_
o Effective medium dependent couplings [
Jbmmammn NJL-====n====3 —
C 1 8EUMF G 1 8ZUMF z:
T 720(@g2 P T T 60(gitsq)? = b5 g =10
lII.I 51 I H.IIU ]E;[I 200 250
T [MeV]
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Relativistic density functional for quark matter ( N SASYS

Comparison to Nambu—Jona-Lasinio model
L=7q(id— (m+Ts) )q+ Gs(qq)> + Gps (qiTrsq)" + -+ Lv + Lp
N’

effective mass m*

e Similarities:

15007 T
- current-current interaction ' T a=03s 1
- (pseudo)scalar, vector, diquark, ... channels — Goim |
e @=143 ]
- SFM
e Differences:
. 2 ’ 900 B
- high m* at low T, p = “confinement” E ,_
o 2Go ol g
(@q) = (@q)0 = m" =m - 2/3 (= q\1/3 X
3a2/3(qq), o
I ) ‘
m"—ocoata—0 X
0.8 1

- medium dependent couplings:

low T, pu, = Gs # Gps = x-broken
high T, p, = Gs = Gps = y-symmetric
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Bosonisation by HS-transformation

@ Hubbard-Stratonovich transformation

exp dec ] f[Dcp]exp[ [ (i;erqi'q)]

@ Vertexes: ¢ =1 = scalar-isoscalar o-field

[ps = in>7 = pseuscalar-isoscalar 7-field

f\” _ '.IJ' -. '|'J,- .

[v ~# = vector-isoscalar w*-field X =5 >____<
[ = y*7 = vector-isoscalar g*-field

[ = iv®Aam = scalar diquark Ax-field

o Bosonized Lagrangian (m* = m + X5 - effective mass, QT = (q q°) /v/2)

2 =2 2 — *
tr _mE1ny O W w 17 _L\A/_\.A_ .
bt = 40 4Gs 4Gps T 4Gy " 4Gy 4Gp Unr + <qq)():5 + g)

;_1 _ 3;1 !AA’)‘5T2)\A
.':AZ"}’ETZ )t,q S_
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Relativistic density functional for quark matter (t, CASVUS

Mean field approximation

s SYSTEMS UMDERSTANDING
e Field equations for o and 7

o =26Gs((qq) —qq) __ ke ’
{ D G = (0)=(7) =0 = o,7 — beyond MF

comment: (o) = 0 does not assume y-symmetry since (Gq) # 0
@ Thermodynamic potential
{(wp) = dpow, (P;) = 0u00a3p, |[(Aa)| = a2

J
1 by W 2 A2
23V Trin(8s—)— TGy 4G AGh

= —

+UmrF — (99)Ls

@ Vector fields, diquark gap, x-condensate

9

)9 oS 9)9;
Mo 2. >

e cmelll, — 8. =
s % gD (Gq)
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Define the couplings in mesonic channels
@ Mesonic correlations

o2 72 w? P
= + +

Df_l(pg) = zlcj—wovw - one-loop mesonic propagator

D'(M?) =0 = mesonic masses

L=..+Go+iwi-TH+¢+p-T)g—

e Fierz transformation - rearrangement of the Dirac, color and flavor indexes

(':”“I)'m-n(f}(‘rr,)-m."n" — 1??:.11.’1?:1’-?1 + (if}'lfn)rn.n’(if}“ﬁ)mﬂ.’ 1 1
_lh,;i) o e i1y = glﬂlkj + 5(%)&(%)@
9 mn'\Yu)m'n B 6 ) o
1 /\ab{\ab -y b"]- y __/\ab }‘ub
——("'].""u"}-’:-) ,(m n.-._) % @ o 0 a Q' ; fa! 4
9 afmnt g foa)min

coefficients - proportional to couplings

Gs:Gy:G:Gp=1:05:05:0.75
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Relativistic density functional for quark matter y SASYS

o ] - SYSTEMS UNDERSTANDING
Model setup — parameter fixing with observables
o (Pseudo)scalar interaction channels lmé""‘""‘-? IIIIIIII :2,,, I
(chiral condensate & 7, o mesons) m; \\ =
m [MeV] | A [MeV] o DoA—2 gmé \
42 573 1.43 1.39 = 5
M, [MeV] | F; [MeV] | M, [MeV] | (IN3 [MeV] G
140 92 980 -267 a0l \
Pseudocritical temperature o g R w0
T. = 163 MeV o low T:  2mgyark > My, M,

(stable mesons, confined quarks)

e high T: 2mgyanc < Mz, M,
(unstable mesons, deconfined quarks)

@ Vector-isoscalar & vector-isovector channels (w, p mesons)

M, =783 MeV = ny = &2 = 0452, M, =775 MeV = 5 = & = 0.454

e Diquark pairing channel (Fierz transformation) 7p = g—gg = 1.5%jy = 0.678
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Onset of color superconductivity

- SYSTEMS UNDERSTANDING

T=0

e Single quark energy and distribution 24008

E¢" = sgn(Er F pr)v/ (Er F )2 + A2

25C
quark matter

lE’II[J{}-
= = [exp(EF/T) + 1] ) g
e Gap equation ;g‘j 1200 8
N A dk 1—2f? = z
= 8K o= [ Mornl g
A 2Gp faZ:::i: (Qﬂ' ) i Ef - qu arc;crr?atter a
U |
two solutions : A =0o0or A #0 b2 s ‘T‘]g I '
@ Two solutions coincide = SC onset No vacuum superconductivity
%) J
onZ a0 = #8=n8(CD) np S 0.78

(agrees with the Fierz value)
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L 4 CEMTER FOR ADVANCED
- SYSTEMS UMDERSTANDING

Asymptotically conformal EOS for neutron stars

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

e Scanning over 1y and np at Mgp = M,y

1000 T
1000 7 e 7 t
Miller et al., Hebeleratal.. 4
Hebeler et al.,
100 -
100+ — | o
2= e s
} w I 1T¢
g . = i
oy o
= 10+-
10 - f : 1
! - i c M, = 800 MeV
........ Myasb ey : —  DD2npY-T
Fioid i ———- (0,200, 0.610)
=== (0.260,0.710) ‘_ — - (0.225.0630]
— — = (0,290, 0.730) ‘ — - (0.255 0.650)
) — - (0:330,0.750) Kriger etal, s 290, 0.6°
| Krigeretal, | ... (0.370, 0.770) i i ! 5 (0.290, 0.670)
100 1000 100 1000
-3

The w-meson value of 1y and the Fierz value of 1p
prefer early deconfinement?
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Relativistic density functional for quark matter (' A CASUS
Speed of sound

SYSTEMS UI\ F\ TMJ NG

05F 00§ PSS 1
B o e R ) § S iy — stinsrae
iy TV wual — PR
e - ) S!S I B o LT s
Y SSEIIEET
0.4 T ‘
g 0.3 I !
t V1
k4
ANH
0.2} E 1 :
|' | ! i ]
: I3 =
E I'l i“' 600 MeV M. = 800 MeV
Lol DD2npY-T — DDZnoY-T
0.1 ko i === (0.260, 0.710)] Sep b et
: i ———= (0,200, 0.610)
5 I ! = = = [0.290, 0.730) - = = [0.225,0.630)
¥ o — - (0.330,0.750)] oy
: ! I ke gplaes - = [(0.255, (.650)
) : g 11 e (0.370, 0.770) 1 5 : B T I e (0,290, 0.670)
L0 1000 5 10 100 1000 10°

O. lvanytskyi and D. Blaschke, Particles 5 (2022) 514 - 534
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4 ) CEMNTER FOR ADVANCED
- SYSTEMS UNDERSTANDING

Relativistic density functional for quark matter
Mass-radius diagram for hybrid neutron stars

M [Mg]

2.5 ' T 25 —— —
i Lse=t ICERTO740+5620  NICER 1074046620 - NICER J0740+8620 NICER [0740+6620
- 1034840432 A Ry Milleret al., b 1034840432 Ricreii Miller etal.,
Antoniadis et al,, FAntaniadis et ﬂi..__.-"'
2k S 2F s
| ol NICER J0030+045] g = :‘Sr*"" H NICER J0030+ 0451
[GW 1706817 excluded M i“ﬂr_f.-"].—ﬂh.' ] FGW 170817 ex f‘-‘{l(lﬁl .:' M iilE_l' i.'.'ul-ﬂi' ?
Bauswein et al., : [ Bauswein e H :
L5 swimost7 | — L2 aw 170817 ‘ 3 :
|Abbott et al., BB 70817 excluded- ) |Abbott et al., W 170817 excluded-
Annala et al., — L Annala et al.,
| Z
| NICER J0030+0451 : | NICER J0030+0451 i
| Raaijmakers et al, | Raaijmakers et al.,
M, = 600 MeV M, = 800 MeV
0.5 DDZ2npY-T 0.5 DD2np¥-T
—-=—=- (0.260, 0.710) e —===:  (0.200,0.610)
= == (0.290,0.730) - == {0.225,0.630)
— = (0.330,0.750) — = (0.255,0.650)
ol (0.370, 0.770) , . oL (0.290,0670) | _
8 10 12 14 16 8 10 12 14 16
R [km] R [km]

Observational data prefer early deconfinement?
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Phase diagram with two-zone interpolation

- SYSTEMS UNDERSTANDING

100 T
13,
A
PN
- \\
@ Normal quark matter soF O\
|- \
2 spin x 2 flavor x 3 color =12 I %
v
i \
@ 25C quark matter = 60 - .
© i \
2 spin x 2 flavor x 1 color+1=5 = \
. \
Quark pairi d = a0 :
uark pairing reduces [ Hadraus |
number of quark states :
[} 20 -
requires higher T  + /W | __.
along adiabat S .
700 900 1100 1300 1500 1700
U [MeV]

- EOS tables are prepared for simulation of supernovae and NS mergers
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CENTER FOR ADVANCED
SYSTEN

Phase diagram with two-zone interpolation

@ Normal quark matter

2 spin x 2 flavor x 3 color =12

@ 2SC quark matter
2 spin x 2 flavor x 1 color+1=5

Quark pairing reduces
number of quark states

4

requires higher T
along adiabat

T [MeV]

100

80

60

40

20

S UNMDERSTANDING

CASVUS

Quarks

s/ng=

05~ |

n*=0.15 fm>

Ny [fm-&]
- EOS tables are prepared for simulation of supernovae and NS mergers
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Density functional methods solve obstacles In
neutron star astrophysics

Prominent contributions to deconfinement
in modern multimessenger Astrophysics:

@ Quark deconfinement transition
triggers the supernova explosion of a
very massive (M = 50Ms) blue
supergiant progenitor star

T. Fischer et al., Nature Astron. 2
(2018) 960

Unambiguous signal of a strong phase
transition in the postmerger GW from
a binary NS merger predicted

A. Bauswein et al., Phys. Rev. Lett.
122 (2019) 061102

Strong deconfinement phase
transition in NS can be detected by
observing the mass twin star

_ phenomenon
From: NuPECC Long Range Plan 2017 D. B. et al., Universe 6 (2020) 81

See also: Agnieszka Sorensen et al., Dense nuclear matter EOS from HIC, arXiv:2301.13253
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