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Stories to be told ...

Historic Introduction to Pro and Con

Terra Incognita: Agnostic Bayesian Analysis vs. Interpolation
Berlin Wall constraint

Confining Density Functionals for Quark Matter

Special Points

Twins and Eccentric Binaries: Discover the 3" Family !

Outlook: German Centre for Astrophysics (DZA)
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- SYSTEMS UMDERSTANDING
The early days: 1973 — asymptotic freedom of QCD
VoLuME 34, NuMsEg 21 PHYSICAL REVIEW LETTERS 26 May 1975 B/V=3N/V=gddipu/T, (8)
P=gd? bt/ (9)
Superdense Matter: Neutrons or Asymptotically Free Quarks? ?(0 p=E/V=2d2ps" /7, (10)

J. C. Collins and M. J. Perry

Depaviment of Applied Mathematics and Theovetical Physics, University of Cambyidge,
Cambvidge CB2 9EW, England
{Received 6 January 1975)

We note the following: The quark model implies that superdense matter {found in neu-
tron-star cores, exploding black holes, and the early big-bang universe) consists of
quarks rather than of hadrons. Bjorken scaling implies that the quarks interact weakly. 1/3
An asymptotically free gauge theory allows realistic calculations taking full account of E[N=BVIN + DIN/V)'?

strong interactions.
with D =32(1 + g2/6n%) =, f4°,
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The early days: 1973 — asymptotic freedom of QCD
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VoLuME 34, NuMsEg 21 PHYSICAL REVIEW LETTERS 26 May 1975 B/V=sl/V=gd2upe/®, (8)
P=gdd bt/ (9
Superdense Matter: Neutrons or Asymptotically Free Quarks? ?(0 p=E/V=2d2ps" /7, (10)
J. C. Collins and M. J. Perry
Depaviment of Applied Mathematics and Theovetical Physics, University of Cambyidge,
Cambwidge CB2 9EW, England
{Received 6 January 1975)
We note the following: The quark model implies that superdense matter (found in neu-
tron-star cores, exploding black holes, and the early big-bang universe) consists of
quarks rather than of hadrons. Bjorken scaling implies that the quarks interact weakly. 1/3
An asymptotically free gauge theory allows realistic calculations taking full account of E[N = BVIN + DIN/V)'3 |
strong interactions.
: P 2en2 4/3
with D =32(1 + g2/6n%) =, f4°,
Volume 628, number 2 PHYSICS LETTERS 24 May 1976 5 al
24k
0 3z zof
CAN A NEUTRON STAR BE A GIANT MIT BAG?* Co &
RTINS
- G, BAYM and S.A. CHIN ?
Department of Physics, University of Hlinois ai Urbara-Champaign, Urbana, Hliinods 61801, USA E 1.2
1)
Received 30 March 1976 o8
04fF

We show, on the basis of the MLL.T. bag model of hadroas, that a neutron matter-quark matter phase transition is
energetically favorable at densities around ten to twenty times nuclear matter density. It is unlikely, however, that o
quark matter can be found within stable neutron stars, or that it may form a third family of dense stellar objects.
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Nowadays:

Neutron star EoS constraint from pQCD

Consistency check for neutron star EoS from
the CompQOSE library

107 pQCD
excluded by Pt
Integral  PQCD 1 ~\ = Consistent
T constraints \ \ — Intension
E 1000+ C&USH”W ‘ 3 T Not consistent
% constraints (o, ;A |
g‘ 100; !2n a | 7 Causality + N
= ¥ constraints ] |
% : ' Integral : 15 7
a constraints £
10- i ; : 10 o
e E N/ 05
loer b N e ] ~ 0.0
500 1000 5000  10* 3 05 00
5 1.0 -
. 0 ;
Energy density € [MeV/fm?] * Pap 9 o [GevIfm’]

Result: Not all EoS fulfill the consistency check with

O. Komoltsev and A. Kurkela, Phys. Rev. D 128 (2022) 202701 PQCD asymptotics! pQCD important for NS!
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QCD Phase Diagram (.} CASVUS

Landscape of our investigations

- SYSTEMS UNDERSTANDING

RHIC, LHC
Lattice

RHIC (BES L)
SPS, FAIR, NICA
J-PARC, HIAE...

A

ngcore = F_3n0 nBC{:lr'c = |._|(}r-|£|

T =10-50MeV /

saturation density
ng = 0.16 fm™3

( — density of a nucleus )

Hg

Neutron stars
ng«®e = |-10n, QCD+EW

Figure from T. Kojo arXiv:1912.05326 [nucl-th]
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Where is deconfinement in “terra incognita” ?

| | | 7
160 - ) g £
lips 0.71,0.79 1.67TM_ ——5
i - |
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140 —--- APR B
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- __ n.=012 P,
s ¥ 15M 57 7T
______ ‘rlv = 0- 14 ; 2 r'd i J".,;"‘ , -""
R =0.16 2
- Ty = o’ T
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H Oy o o
o () = e )
|
|
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S
|

nINJL model applicable
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[y
('S
o
oo

i A .
1000 1100 1200
U [MeV]

. Eur. Phys. J.A  (2021) 57:318
A. Ayriyan, D.B., A.G. Grunfeld, et al. https://doi.org/10.1140/epja/s 10050-021-00619-0
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Bayesian analysis, nontrivial cs(p), Gaussian process

D. Mroczek, M.C. Miller, et al., Nontrivial features in ¢cs inside neutron stars, arXiv:2309.02345

The method of (modified) Gaussian process based on cs(p)

Auxiliary function:
¢ = In(de/dp — 1) = In(1/c - 1)

Gaussian process:

d(log;y pi) = N [uillogyq pi). Zij]

uadrature: _
; o= [, o)
cs(p)

First law of thermodynamics
dﬁB _ npg
de e+ ple)

Result: EOS sample from GP as a set
{p(p), 2(np), ple)

Cartoon of physical features in ¢>(np)

1 smooth crossover
plateau up

1 sharp crossover
spike up

0 0

1 1st order PT
plateau down

1 2nd order PT
spike down

Nr/MNaat nn/Ngat
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Bayesian analysis, nontrivial cs(p), Gaussian process

D. Mroczek, M.C. Miller, et al., Nontrivial features in ¢cs inside neutron stars, arXiv:2309.02345

10
I=1 Io= !
Grey: 5 :
160 forms of cs2 from GP el _!
CMF: s o STER o

= GP mean - hard
== GP mean - soft
QHC19 (npeq)

chiral mean field EOS

QHClg 5 + CMF (npeDH) e
Baym, Furusawa, Hatsuda, Kojo, == CMF (npeDHq) 2
Togashi, ApJ 885, 42 (2019) e .
== CMFyy (npeDHq) + £=0
—10—gp 31 35 36 37
log:oP [erg cm ™) Miaf M)

1.0

0.8

0.6

rba:
0.1
0.2
- =" Z = =—_-:-;:':_ = :
0.0 . s g T e — T — >
33.0 33.5 31.0 1.5 an.0 35.f 36.0 36.5 37.0

log,uF [erg cm™]
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Bayesian analysis, nontrivial cs(p), Gaussian process

D. Mroczek, M.C. Miller, et al., Nontrivial features in ¢cs inside neutron stars, arXiv:2309.02345

TABLE L Connection between phase transitions of different orders/crossover to corresponding physical processes in terms of the effect on the
speed of sound in equilibrium and modifications in the mGP framework. Note that a first-order phase transition has a jump in baryon density
across Ang.

Transition type ‘ Physical Process | Representation in ¢

. |
5

Modification

foro< 1, ifng=ng+o0,
; Fo et
sharp crossover quarkyonic matter then (C‘Z‘) = +0 spike up, ¢ # 0
23, 4143, 118], percolation to L (c%)’ —0
quark matter [38, 44], foro > 0.
quark-meson coupling if ng = fig + 8. then
smooth crossover |  [34. 119] heavy resonances (02)' — 451 plateau up, 2 = 0
[92-98], hyperons [46, 92], _ ] o
chiral-superfluid transition if ng ~ fig, then (Cs) ~0
th_ [120] it ng = Rerr, then spike or plateau down,
n'-order PT,n > 2 d"p/duly — c%i{)
4 order PT critical point due to exofic Cz(ncm) -0 spike down toward 22 w0
quark phases g 2
quark deconfinement [92, 94],
1** order PT color-superconductivity, c(ng) = O with ng € [ng.ng + Ang||  plateau down at A=~0
colorflavor-locking [25]
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Bayesian analysis, nontrivial cs(p), Gaussian process

D. Mroczek, M.C. Miller, et al., Nontrivial features in ¢cs inside neutron stars, arXiv:2309.02345

3.5
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R [km]
! [ . &
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Bayesian analysis, nontrivial cs(p), Gaussian process

D. Mroczek, M.C. Miller, et al., Nontrivial features in ¢cs inside neutron stars, arXiv:2309.02345

1.0 1.0

ng(c?

5, Imax

) < 3 Ny

0.81 0.81

0.61 0.6
FEJ'J.

0.4+ 0.4

0.21 0.2

0.0~ 0.0

0.0 1.0 1.5 2.0 0.00 025 050 075 1.00 1.25
posterior x10? posterior

- EOS posterior probabilities when a global maximum in cs2 is present below (left) and above (right) 3 n_sat
- Posterior probability that central density for max. massive star is greater than 6 n_sat is negligible

- Global maximum (indicating softening, perhaps PT) is consistent with, but not required by, current constraints
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Bayesian analysis based on cs(p)

L. Brandes, W. Weise, N. Kaiser, Rreyious Frevions +BW
Evidence against strong 1% order PT in NS cores, 95% 68 % 95% 68 %
arXiv:2306.06218 ne/no 98708 4104|2607 103
e MV 9] @11 08 181 pgtlll B8
1.4 Mg | P, [MeV fm~3]| 64139 H2 | ghs +
i +0.9 +0.8
Data and constraints R [km] 12.2770 +0.5 |12.3774 +0.5
& 396+225 +107 42l+236 +114
PSR J1614-2230 M = 1.908 + 0.016 M, [3] ! —197 127 |%41-200 124
PSR J0348+0432 M =201+004My [4] ne/no 41t g ety 20y
PSR J0030+0451 M = 13470138 Mg s MR ] (viets) e 628t 0 N
R=1271%11¢km |[7] 9.1 Me | P IMeVEn 9] (251280 182 |1ggtiE 2
PSR J0740+6620 M =2.072+0.987 p1, R [km] 11.9+13 +0.7|12.1H3 06
Previous R=1230"0lkm [§ A 1 I Ty [2e i)
GW170817 A=320"30 [12]
GW190425 A <600 [13] FrovipuerBY
=07, 1
ChEFT (34, 35] . L
pQCD [36-38] ne/no 3.8%13 pryd
g.[MeVfm~3] | 6731353 2
BW PSR J0952-060 M =235+ 0.17 Mg [39]
2.3 Mg |P.[MeVfm—3] | 237226 i
— [ — 774020
HESS |HESS J1731-347 M = 0.77132 Mg R[] g s07
R=1045%km [40] A L4 H1T +4
1 —10 —9
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L. Brandes, W. Weise, N. Kaiser, Evidence against strong 1% order PT in NS cores, arXiv:2306.06218

Previous + BW Previous + BW
5 L L T % T . ¥ T L L X ¥ T ’ ¥ T L L . ¥ T . ¥ 5 L

1.0

1.00}
0.75}
C‘b"}
0.50}
0.25]
0000—""350 —500 70 1000 %0250 500 70 1000
£ [MeV fm 3] £ [MeV fm~3]
IPrelvious + BW . . PreviQUS + BW .
1500+ _
@20_ :.\\ :\ r :Il : 7 1000+ *
i :'. ". : .q::
:: 1.5k ! 18 | .
H—'——f— : 500

10 19 14 %o
R [km]
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Neutron star EOS from multimessenger data

Bayesian analysis, nontrivial cs(p), Gaussian process
Previous + BW

L. Brandes, W. Weise, N. Kaiser, 04— ‘I'mm;-vi: :HP'A Z15_ P

Evidence against strong 1%t order PT in NS cores, —_—

arxiv:2306.06218

CEMTER FOR ADVANCED
SYSTEMS UMDERSTANDING

(’. CASVUS

0.2
— = () T L U, P AR s R .
53\ o m——  Previous ] < e,
g VIE === Previous + BW ] 00
=1 =] 1 extreme
A :N ;- | evidence
L oQ
7l .
*D; ] —0.2r e
[ 1 very stron : e = ’ ' — L
E 1 R 0 250 500 750 1000
& L3 | e [MeV fm ™3]
\\ strong E
g 101 \ Previous + BW + nyg = 10ng
< ™S 7 R A e e e e e
"\ ]
ﬁ “\ ] moderate 1 UD' M b I N
- ' ! LAMob—
\_‘_‘-‘-
™ anecdotal
0
10°} | e
[ ] no evidence
1 1 1 1 1

19 20 91 23 83
M/M,

.. excluding a strong 1%t order PT with Maxwell construction 0.00. - e
A 2! 500 750 1(}00

BUT: What if the PT occurred already in light NS, below 1.4 Mo ? e [MeV fm 3]

David Blaschke - Pro and con quark matter in neutron stars | 16




D
Pro and con quark matter in neutron stars ( Y CASUS

Where is deconfinement in “terra incognita” ?
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. Eur. Phys. J.A  (2021) 57:318
A. Ayriyan, D.B., A.G. Grunfeld, et al. https://doi.org/10.1140/epja/s 10050-021-00619-0
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Strong 1st order PT masguerades as ,crossover” via pasta phases
.t F ¢ T [ 7 1 i
160F - Quark EoS: nINJL(n=0.12) )
i Quark EoS: nINJL(n=0.16) ® 4 7
140 Quark EoS: nINJL(M=0.20) 7 v
il ... B(j.l’),I set 2 ,/
120§ - - - Hadronic EoS: APR ity

. - —— APR with excluded volume ’

£ 100~ —— nINJL(n=0.16) - B(R) F
S- - mixed phase = interpolation / e =
g 80_— ® |.LH:991M6V 22 :;—_
r 601 = B~
40 = g-
20 ‘. """ el "terra incognita" :: —
_ . it A

M —— —— T -
1000 1100 1200 1300
uMeV]
. Eur. Phys.J. A (2021) 57:318
A. Ayriyan, D.B., A.G. Grunfeld, et al. https://doi.org/10.1140/epja/s 10050-021-00619-0
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Strong 1st order PT masquerades as ,crossover” via pasta phases

I I | | J | ' [ "

1.0 7/ —

0.8

(o]

= AR g L R S PR L PR F B S S

061

= o R RS SR PRI RN RS RN RS

0.4

0.2

0.0

Two-zone interpolation scheme (TZIS) with crossover boundary condition - stiffening,
analogous to “quarkyonic” matter behavior
: Eur. Phys. J. A (2021) 57:318
A. Ayriyan, D.B., A.G. Grunfeld, et al. https://doi.org/10.1140/epja/s 10050-021-00619-0
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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

ds®* = —(1— %)dﬁﬂ + (1 — g)_ldr2 + r2dQ)?

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

Tolman-Oppenheimer-Volkoff (TOV) equations - solutions

600 —

500 f

/
/
/

NLW model
7

/ 5
&
/ sam

£ Free neutrons

'

E [MeV/fm ]

500 1000 1500 2000

2.5 ———

2.0

=10}
0.5

0.0

—1.5

D
(’. CASVUS

CEMTER FOR ADVANCED
SYSTEMS UNDERSTANDING

sQMm

ke i
\
\

* I NLW model
= 1

i
Free neutrons
.

\\\
e

. -

0

10 15 20
R [km]

Stiffer equation of state — larger radius and larger maximum mass
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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

ST 7171 T LS B | 10 00 ; ,."'.I ]
L Marying Q. | Vo i 4
—~ 4 28 O 4004 i Fid
& R e e F § i
%’ 3'=N h 0. T efmmmeemee e s +E 700 - -;.f ._.
i Y i) = T ! PR ik,
“E 2_-NYJ ; ¥ R e Rt e e S P R Rt .i - o
= = [ % K Lo
: L 1.0 - : o £
i B 100 oA o
g Q,_=[250.800] 08 T
0. Lo YEAM | B N [ 1 H : : 0= v P T T T T T
1 2 3 4 5 B 7 tr.um n: i & = - 0z 0.4 0E 0E 10
plp p i
3.0 T T o T T Bdion] Fig. B. Prosure P s= 0 function of baryon domsity o0 Thack
I {b) FIG, 7, Meutmon-star missas o8 a focthon of the radios & Selid | (4o cirves aee with (without] by peron mbdag, Solid, dashed
25 L ydashed) curves are with (without) h}'pl:mtl (A and -7 nux.mg for nod dotted eurees are for MPa, MPa™ aod MPE
I ESC+MFPa apd ESC+MPb. The dot-dashed curve for MIPb is with A
“a 20 mixing only, Also see the coption of Fig, 3, 2.5
=15 T
= 1oL _ Yamamoto et al., Phys Rev.C 96 (2017) 06580;
. arXiv-1708.06163 [nuchth] / i
0.5
0.0 E o owm o om owmog b ow woa g ey Yamamoto et al., Eur. Phys. J. A 52 (2016) 19; :
Rl 12 13 14 1 12 43 44 | arXiv:1510.06099 [nuck-th]
R (km} R (km}) .
'\\Ji & Sedrakian, Phys. Rev. C 100 (2019) 015809;
arXiv-1903.06057 [astroph.HE] oo

FIG. 4. EoS models and MR relations for &, NY. and NYA com-

positions of stellar matter. The bands are generated by varving the alas -
paramelers Oy [MeV] (a, b) and Ly, [MeV] (c, d). The ranges of Examples for realistic hadronic EoS

Qg and Ly, allowed by yEFT and maximum mass constraints are [\ BE T EELE R =g T Wall is inferior
indicated in the figures. to the line M = 2.0 M_sun

10 " 12 13 14 15 16
R [kml

Fig. 0. Moulron-star massis as o function of the radins K.

Sofil, dashed and dolted rurves are for MPa, MPa' and MPh.

Twa dotted lmes show the ohesorved mass | 187 £ 00M)M, of

J 1613 FXhE

David Blaschke - Pro and con quark matter in neutron stars | 22



. CASVUS
prmt@ 4 CENTER FOR ADVANCED
- SYSTEMS UMDERSTANDING

“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,

e %

M (M)

[ — LHS — PK1 — DD2
RMEF 201 — NL3wp — PKDD
— NL3 S271v6 — DD-PC1
I —— Hyhrid — HC — FKVW
1 iy | = TM2 DD-LZ1 m— PC-PK1
— 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
qﬂ 11 12 13 14 15 16 DDLZ1 1989 PKDD 1.781
Sun, Miao, Sun, Li, ApJ 942 (2023) 55; R (k]]l) DD-ME2 1.971 HC 1.828
arXiv:2205.10631 [astro-ph HE] OMEG  1.862
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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)
— = (0.290,0.730) [ Ttreal N
0.5 - —_— (0,330, 0.750) |
wanns (0,370, 0.770)
= § e Berlin Wall o " 1
b T ' 1 . T
8 0 1@] 11 i% 13 1& 15 1% 17 B Lo 12 14 16
R [kr%jkm] R [km]

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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Relativistic density functionals for QCD
String-flip model for quark matter confinement

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)
(@0q) = ne= v f = __mz v = ] )
J f;d 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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= [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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Relativistic density functionals for QCD ('1 CASVUS

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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Landscape of our investigations

- SYSTEMS UNDERSTANDING

RHIC, LHC
Lattice

RHIC (BES L)
SPS, FAIR, NICA
J-PARC, HIAE...

A

ngcore = F_3n0 nBC{:lr'c = |._|(}r-|£|

T =10-50MeV /

saturation density
ng = 0.16 fm™3

( — density of a nucleus )

Hg

Neutron stars
ng«®e = |-10n, QCD+EW

Figure from T. Kojo arXiv:1912.05326 [nucl-th]
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Deconfinement as supernova engine
Of massive blue supergiant star explosions

a 10 b
= 2] TT IIIIIIIII|IIIIIIIII|III IIIIIIIII|IIIIIIIII|III
flow constraing < - —SUpEmcVa matter (S=3) |
= — = matter (T= 2 7
:-;-E mz ymimte matter (T=0) € m
= =
R a
= 10 £ 10’ L
E:. o i
10" ; ; 3
1 2 3 4 5 3 4 3
PP sal p-"p&-ﬂ
¢ mra d
50 M, (explosion)
- - 50 M, (1ailed)
----- 12 My,
quark-gluon
plasma
!
11— S— 10t
1 I
i ' I
P black hole f
!
r:mﬂlﬂl I I'x farmation |
I.'| .'IIII 102
.I -\_h l.I 7 I."I E
| ¥ e § - . / s
1 ==k {2
| ! & b=
" I| .-'HII E
$T0 1 )
Py ) | f 107
| -,
\\ -
\\ Progenitor:
10! M=50M
- % O
| b
| nip 2 o 0.5 1.0 15 20
N i time [s]
=1

| 0 {core bounce)
T. Fischer et al., Nature Astronomy 2, 960 (2018)
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Ultra-heavy Nucleus-Nucleus Collisions ! Cy CF‘SUS

Population of the QCD phase diagram in a merger

Hi)

# H - o+ 1.35M_sun + 1.35 M_sun
3 -ty o 104 EoS for supernova and
20 B = merger simulations:

e o BT ol CompOSE

L - L2 With deconfinement:
s R o https://compose.obspm.fr/eos/166
. .o. . %
© .. 0

10 JE ....5.‘.\_.' |
z Lt o.. Cjij m p
_ star

S. Blacker, A. Bauswein, et al.,
Phys. Rev. D 102 (2020) 123023
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Ultra-heavy Nucleus-Nucleus Collisions ! (31 CASVUS
Signal of a deconfinement transition

=90
g+ 3.50- *
20
o .i,
] SO 4. i
e, 1072+ o,

wmemw. DDOF-5F

—_— DD2F
1 (]_23 T T T
1 2 3! 4 D

£

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.

A. Bauswein et al., PRL 122 (2019) 061102; [arxiv:1809.01116] 2" L _,.\Hff”” 800
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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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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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Comparison to Nambu—Jona-Lasinio model

- SYSTEMS UMDERSTANDING

L=7q(id— (m+Ts) )q+ Gs(qq)> + Gps (qiTrsq)" + -+ Lv + Lp
ffecti &

e Similarities:

1500 ———
- current-current interaction '
- (pseudo)scalar, vector, diquark, ... channels
12
e Differences:
, . ’ ot
- high m* at low T, ; = “confinement” E ;
_ B 3G Bl
(@q) = (@g)o = m*=m——07m—=7 "L
302/3(qq), )
I )
m*—socata—0 o

- medium dependent couplings:

low T, pu, = Gs # Gps = x-broken
high T, p, = Gs = Gps = y-symmetric
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Relativistic density functional for quark matter y SASYS

Model setup — parameter fixing with observables

e

e e e e LI B s e e

o (Pseudo)scalar interaction channels ;""--~\ T
. 1250 - — E‘L
(chiral condensate & 7, o mesons) _
mm:;__ﬂ____hh \'-.
[ |
m [MeV] | A [MeV] a DoA—2 gm; \
42 573 1.43 1.39 =g
M, [MeV] | F; [MeV] | M, [MeV] | (IN3 [MeV] &
140 92 980 -267 -t \
Pseudocritical temperature oo g R w
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 pe)V/ (Er F pr)? + A2

25C
quark matter

lHI[J{}-
= = [exp(EF/T) + 1] ) g
e Gap equation % 1200 8
N A dk 1—2f? = z
= 8K o= [ Mornl g
A 2Gp faZ:::i: (2m) i Ef - qu algcrr[L]atter -
U |
two solutions : A =0o0or A #0 b2 s ‘T‘]g I '
@ Two solutions coincide = SC onset No vacuum superconductivity
%) J
ON?2 ’f_\zo: 0 = ps=ps(Go) np S 0.78

(agrees with the Fierz value)
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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 (' ) CASUS

Speed of sound

SYSTEMS UMDERSTANDING

0.5k Sl T _
: e 1 A
iy TV wual _— — —_—
e ay v [ S By oo T o
R S S I T
0.4F S—— )}
™~ 0‘3 I i
t Ml
i i
ANH
0.2} E ) :
|' | ! i |
i ! -
el M, = 600 MeV TR
E gl —— DD2npY-T — DD2npY-T
0.1 | H —— (0.260, 0.710) SR ]
: i ———e (0.200, 0.610)
£ A Sl - - i sl ~ =~ (0.225,0.630)
|; I — - (0.330,0.750) et d
! !. 0.370. 0.770 - = [(0.255, (.650)
) : i i e (0.370, 0.770) 1 5 _ BB 3 P (0.290, 0.670)
1ov 1000 5 10 100 1000 10*

O. lvanytskyi and D. Blaschke, Particles 5 (2022) 514 - 534
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Conformality measure A =1/3 - Ple

- SYSTEMS UMDERSTANDING

Courtesy:

O. Ivanytskyi, derived from
Particles 5 (2022) 514 and

M. Marczenko et al.,

Phys. Rev. C 107 (2023) 025802
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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)
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Relativistic density functional for quark matter ( ) CASUS
Mass-radius diagram for hybrid neutron stars

2.5

PSR J0740+6620
I Fonseca et al.,

.......

2_
L J0348+0432
Antoniadis etal,

. .-‘I @'-..:b

FGW 170817 " sscoamfed b

= e 7S

8 '%335"""""'(:'1.1“50740"'6&2' o

SYSTEMS UNDERSTANDING

[ =

0.5

0.45
~wriller et ﬂé

0.4

e 'u.l <é?}1 M. .00 ,\\\\\\

Forbidden region
(color-supercondugtivity in vacuum)

max >,2 01 M,

G
FAbbott et al =" " ;
E. b t‘ -------- ¢ s_z
2 i ._:;J:f':’ ::::: = [g.-:
1k i !
_ e 03
\GE |
o
0.5
0.25 R\
0 | | |
8 ; , o 16 “Ges
R [km]
Mmax = Msp + 0 [Mgnser — Monset|” Msp = kmgpnv + bMgp ;

C. Gartlein et al.,

0.75 0.8

Mb

6 =ksnyv +bs; Mg

onset

= 1.254 M,

arXiv:2301.10765v2 ; For more details, see talk by Oleksii Ivanytskyi
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Mass-radius diagram for hybrid neutron stars

- SYSTEMS UMDERSTANDING

Compare to: 0.5
G. Baym, S. Furusawa, T. Hatsuda, T. Kojo,
H. Togashi, ApJ 885, 42 (2019)
0.45 =
Maax /Mo =1
g
- 9.4 g
1.65 i 0.4 =
] g &
i 2.3 L2 >
1.6 - - ?g‘ag
I . o=l
155 | i 22 & o 3
- 5 2
S 15 : 9.1 S 8
. ‘ 03 ° g
1.45 L ] : \ = =
- A+ Mumax/Mp = 1.94 [A] 2 i @ 2
14 F 208 [B] NN NN 2|
- 1 0.25 - N\
i35 B 220 [C] | 1.9 NN \ S
I 220 D] | AN \
1_3 L | L | L | L | I | I | 1 | 1 | 1_8 '.' -.' é
> > My <2.01 Mg \\
05 06 07 08 09 1 11 12 13 02ty v eh . = '\\
/G 0.65 0.7 0.75 0.8
gv
Mo

1\/Imax = MSP LR 0 |M;nset i Monset‘m MSP = k‘MSP’!}V — bMSP , 0= k’ﬁ‘f}V e bé M;nset = 1.254 M@

C. Gartlein et al., arXiv:2301.10765v2 ; For more details, see talk by Oleksii lvanytskyi
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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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Phase diagram with two-zone interpolation

100

@ Normal quark matter 80 Toue=|
sing=15 %
2 spin x 2 flavor x 3 color =12 A
! ;o4
@ 2SC quark matter /160 sl
= | 47sIng=1.0
2 spin X 2 flavor x 1 color+1=5 =
= Quarks ;

Quark pairing reduces o1

number of quark states s/mg=0.5"|

4 20 n*=0.15fm> -
L h.q
. s § @ = A et eeesemaes n -
requires higher T . ni"'Ihq
along adiabat i ng ).
[], " i M ; :
0.6 0.8

Ny [fm-&]
- EOS tables are prepared for simulation of supernovae and NS mergers
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Talk at University of Wroclaw

by Gunther Hasinger,

Founding director of the
German Centre for Astrophysics
In Gorlitz:

Primordial BHs

Key role plays the QCD
hadronization transition !

Different peaks correspond to
different particles created at the early
universe phase transitions and the
corresponding reduction in the sound
velocity.

0.100 E-..

0.010

BH mass corresponds to the horizon
size at each time.

0.001 , pidns

Chandrasekhar I\\/I‘assh
Protors & g Only regwrement is enough .
neutrons ™ fluctuation power in a volume fraction
. of 10-° of the early Universe.

Carr, Clesse, Garcia-Bellido 2019

&)
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(Title of a talk | gave 5 years ago at MPIfR Bonn)
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Prehistory ... 55 years ago: Gerlach coined ,3rd family*

FHYSICAL REVIEW VOLUME 172, NUMBER 5 25 AUGUST 19468

Equation of State at Supranuclear Densities and the Existence
of a Third Family of Superdense Stars*}

Urrici H. Gerracut§
Palmer Physical Laboralory, Princelon University, Princeton, New Jersey

PHU'::LEIH‘
M, Tiz']}__:—q""“* 108 0o \H}"‘ 02
— 1 I I I I I L] ! T T T T F T T T T -I
EF :::::3:13:::_ ———— | — 0 g/ em?) e
- i
vs[  y®I—7 /11 ot
\ i 22 (DIMENSIONLESS)
P e
1 " ! o2
) B
. 3 I_'
“ : il i TERTIARY
B STARS
: L E
{!1 ||::,--I.__,_|.J.||[ll|l|:'|Ir LLIJl:JJleﬁjlll
Ll JI_ —r i '—J'-'-""f HWW LOV
Ry RaR R e o NEUTRON
WHITE DWARFS STARS

Fia. 3. A blow-up of the LOV maximum, The central densities
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Prehistory ... 10 years ago (2013) we revived the idea

A | T | =]
34 B 36 26 1o ~,
-“4 [ c-éu _‘\'\' g
o r~
iy : 2
7
_ s ~ &
2.0 EERIGESE -..-;E:"-m._
= [ PSRI6I4D TS
E - : i 1'115;3‘“
[ == m,=100
L6~ . =150
[ = 1,=20:0
141 n,=250
- —— 7n,=300 b
| [ r— |1 | e
10 11 12 13 14 15 16 17
R [km]

s SYSTEMS UNDERSTANDING

« Star configurations with same
masses, but different radii

Mark A. K. Kaltenbom

- New class of EQS, that features
high mass twins

* NASA NICER mission: radii
measurements ~ 0.5 km

- Existence of twins implies 1% order
phase-transition and hence a

critical point

Benic, Blaschke, Alvarez-Castillo, Fischer, Typel, A&A 577, A40 (2015)

David Blaschke - Pro and con quark matter in neutron stars |



D
Let us discover the 3™ family of compact stars! (|§ CASVUS

L 4 CEMTER FOR ADVANCED
- SYSTEMS UNDERSTANDING

Prehistory ... GW170817 happened!
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GW170817, announced on 16.10.2017
B.P. Abbott et al. [LIGO/Virgo Collab.], PRL 119, 161101 (2017); ApJLett 848, L12 (2017)
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Prehistory ...
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ACBT VRS 1 M. Bejger, D.B., et al., A&A 600 (2017) A39

V. Paschalidis, K. Yagi, D. Alvarez-Castillo,
ST D.B., A. Sedrakian, arxiv:1712.00451
- A% - Phys. Rev. D97 (2018) 084038

ﬂ SR Suggestion: The heavier NS be a hybrid star (HS)
0 ® . 1000 with a quark core, evtl. member of a “third family”!
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With a strong PT (mass twins), a sudden transition NS - HS is possible,
Triggered by accretion, under simultaneous conservation of Mb and J

= Instability line | \ \
2 13 14 _ 15 16 17
Req [km]

M. Bejger, D.B., et al., A&A 600 (2017) A39
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Antoniadis-puzzle

ko ) J. Antoniadis, ApJ Lett. 797, L24 (2014)
X
bote 1 K. Stovall, P.C.C. Freire, J. Antoniadis,
gl 3 Apd 870(2), 74 (2019)
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ArXiv:1912.08782 [astro-ph.HE
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Work in preparation ...

S. Chanlaridis, D. Ohse, A. Aspradakis, J. Antoniadis, D. Blaschke, D.E. Alvarez-Castillo,
V. Danchev and N. Langer
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Prescription for transition-triggered kicks adapted from supernova case following:
J.G. Hills, ApJ 267, 322 (1983) and T.M. Tauris et al., ApJ 846, 170 (2017)
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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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ZbZA Outlook: The German Centre
for Astrophysics (DZA)

Research
Technology
Digitization
,3cience Creating Prospects
for the Region!“

Scientific Commission: 13. July 2022
Structural and Transfer-Commission: 30. August 2022
Final decision (Approval): 29. September 2022
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Why in Saxony? Lusatia is a unique region for
Astrophysics, Technology and Digitization

Location for
the Low
Seismic Lab

nnnnnnn

o Gorlitz &

Ujazg

TECHNISCHE A .center for astrophysics
UNIVERSITAT with advanced data
DRESDEN intensive computing and
technology development.
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