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QCD Phase Diagram
Landscape of our investigations

RHIC, LHC
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RHIC (BES L,Il)
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J-PARC, HIAFE...

T
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NS-NS merger
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T =10-50MeV

saturation density
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( = density of a nucleus )

Mg

Neutron stars
nge = [-10n, QCD+EW

Figure from T. Kojo arXiv:1912.05326 [nucl-th]
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QCD Phase Diagram
Landscape of our investigations
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XSB and CSC

- hadrons — quarks From: T. KOjO,
A ’ p . .
- QCD equations of state in
hadron MR o o uark-hadron continuity”
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> Universe 4 (2018) 42
M, Hp
T. Schaefer & F. Wilczek, Phys. Rev. Lett. 82 (1999) 3956

C. Wetterich, Phys. Lett. B 462 (1999) 164
T. Hatsuda, M. Tachibana, T. Yamamoto & G. Baym, Phys. Rev. Lett. 97 (2006) 122001
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Introduction

- New research triangle Wroclaw — Gérlitz — Dresden/Rossendorf: UWr — CASUS & DZA - HZDR
- Landscape of investigations: QCD Phase Diagram

Towards a unified approach to quark-nuclear matter

- Generalized ®-derivable approach with clusters; cluster virial expansion
- Hadrons (mesons, baryons, multiquark states) as clusters in quark matter
- Beth-Uhlenbeck approach to thermodynamics of quark-hadron matter

Relativistic density functionals for quark matter with confinement

- Density functional for warm, dense quark matter; chiral symmetry breaking and color superconductivity
- Quark confinement as density functional - effective Nambu model with density-dependent couplings
- Phase transition construction and hybrid neutron star properties
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Unified EOS for quark-hadron matter

Cluster virial expansion & Beth-Uhlenbeck EoS
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Unified approach to quark-nuclear matter
Clustering aspects in the QCD phase diagram

nuclear neutron stars deconfinement }'J? B
saturation

From: N.-U. Bastian, D.B., et al., Universe 4 (2018) 67; arxiv:1804.10178
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d-derivable approach to cluster virial expansion
Q=) Q=) qa[Trin(=G )+ Tr(L; G)] + > _ [G;, G}, Giuj]
\ f—l—?-:f J

0P
5GA(1...A,1I...A;,EA)

Stationarity of the thermodynamical potential is implied

5Q
SGA[L: .. A 1 .o AV, Z4)

Cluster virial expansion follows for this ®— functional

oo )
Figure: The @ functional for A—particle correlations with bipartitions A =i +j.
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Unified approach to quark-nuclear matter
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Green’s function and T-matrix, separable approx.

7 1 i w B i
t+ ]
Tis - » : a
j i j

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

Tj+jf1,2, B l,,EI,. : .AI;E} = V;H & vf+jG;[E}Tf+j :

which in the separable approximation for the interaction potential,

Vi = Dol Bcv i A 2int H g (U2 i G 1Y (0 59,

leads to the closed expression for the T4 matrix
: : . : —1
Tf+j(1'~2: “easl +Jr| 1f:2;: s (I +J}I;z) == Vf+j {1 = nH—j} '
with the generalized polarization function

I'I,-_H- = B {rf'+j G::ﬂ:'l',-ﬂ G}{ﬂ}}

sali=51) 5

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

1 1 1

(0) ;. _
Gj' (172:"' !;1ni‘) N Ewl...wi_l [‘_Jl—EE]_} WZ__E{E} et ﬂ,——{m1+...w,-_-_|]—E[:f}

_  (—/)(-h)...0-F)—(-)hh..f
== 0, —E(1)—E(2)—...E() ]

- - David Blaschke - Towards a unified approach to quark-hadron matter
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Useful relationships for many-particle functions
D =600.2,...i+ii%y) = Y. 690,206 +1L,i+2,...,i+iiY).

Another set of useful relationships follows from the fact that in the ladder approximation both,
the full two-cluster (i 4+ j particle) T matrix and the corresponding Greens’ function

T+J . i—t—_: {1 J"+J'-}_1 (1)

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

related by the identity

0
Tisi G,{+j VitiGiyj - (2)
which is straightforwardly proven by multiplying Equation for the T, ;— matrix with G!.[_S} and

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

- (v}
Tisj = 60/5G\)

Vi = 00/5G, .

- - David Blaschke - Towards a unified approach to quark-hadron matter 22
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Generalized Beth-Uhlenbeck EOS from &-deriv.

B SYSTEMS UNDE
Consider the partial density of the A—particle state defined as

(o197 dw _1
na(T,p)=—— =— / — |In{ =G + Tr(Xa Ga)| + ®[G;, Gj, G
A{ ) 8 Ei,u. [21'_ e [ ( A ) ( A A)} ,Z I is i+j]
Using spectral representation for F(w) and Matsubara summation i +j“r: A
) oo dw ImF(w) A 1
Flzn)= [ ———, .2 —fa(w) = -
—oo 2w w — izp W — 1Zp exp[(w — p)/T] — (—1)

Zn

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

i B9[G;,G},Gal
na(T, ) = —dAfz—}g J9et@) [min (=671) +m(ETa G|+ ;; —al A,
i+j=A

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

OP[G;, Gj, G4l
f(z }3/—A[w}—(ReEA ImGy) — ,Z apj =
J—i—jt}:A

Using generalized optical theorems we can show that (G4 = |Ga| exp(ida))

G [ImIn (—G_l) +ImX, ReGA} = 2Im [GA Im¥ 4 2 e ImEA] —2sin? 5,4%
Buw A Bw A e

wt

The density in the form of a generalized Beth-Uhlenbeck EoS follows

A &

s
(T, p)=> n(T,p)= /(2 ]Bf f(w)2 sin” & e

=1

n. Vanderheyden & G. Baym, J. Stat. Phys. (1998), J.-P. Blaizot et al., PRD (2001)

- - David Blaschke - Towards a unified approach to quark-hadron matter 23
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Example: deuterons in nuclear matter

B SYSTEMS UNDERSTANDING
The ®—derivable thermodynamical potential for the nucleon-deuteron system reads
) — T% {|n(—61)} — TI‘{Zl(ﬁ} + Tr {|n(—Gz)} + TI‘{IQGQ} + ¢’[Gl, Gz] ;
where the full propagators obey the Dyson-Schwinger equations

Gy (1,2) =z — Ei(p1) — Z1(1,2); Gy 1(12,1'2',2) = z — Ei(p1) — Ea(p2) — X2(12,172, 2),

with selfenergies and ¢ functional e |
(1,1) = —6 ¥o(12,1°2.z) = i b= ./
3 = : z e
o 6Gi(1,17) AR ’ §Ga(12,1/2/, 2) d ’

fulfilling stationarity of the thermodynamic potential 9Q/8G; = 9Q2/8G, =0 .
For the density we obtain the cluster virial expansion

1 99

n—= —?E = nqu(_u, T} + 2”(:01‘1‘(,“-"3 T) 3

with the correlation density in the generalized Beth-Uhlenbeck form

A —f 2sm 5(E)di(§) .

- - David Blaschke - Towards a unified approach to quark-hadron matter 24
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Cluster virial expansion for quark-hadron matter

‘r STEM lr* JERS IJI'.II NG

Q = ) [Tt (=G +Tr (% G)] +®[Gg, Gu. Gp, GB] .

When ¢ functional for the system is given by 2-loop diagrams holds

= = Zana(T 1)

3,{1
dw @+ _ [(@=]1") 5ei 2 9da(w, q)
ad/ /(27r)3 f [f(ﬁ_ ] }25|n da(w, q) " :

Analogous for the entropy density s = —9Q2/9T.

- - David Blaschke - Towards a unified approach to quark-hadron matter 25
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Cluster virial expansion for quark-hadron matter

The cluster decomposition of the thermodynamic potential is given as
Qtutal( T'| [ ¢)= &) — QPNJL( T'J L, (.35-: 5) + Qpert(Ta Hy qb 6) e QMHRG( T? I, ¢'1 é)ﬂ

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 i/

Qe (T, i, b, 0) = Qo(T, p, &, 0) +U(T, ¢, &)

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

QMHRG(T,,{L,@(,B): Z Q:‘(Taﬁ=¢~.€5)ﬁ

i=M B, ...

where the multi-quark states are described by the GBU formula:

5)9)
n = T za:ana(T,;L)

d d> a 2n.—1* .2 e d0a(w,
= Toa [ L [ {i - [0 f oo a0 ™20

where d; is the degeneracy factor, a is the number of valence quarks in the cluster an

féa}’+, [féa}’_] are the Polyakov-loop modified distribution functions.
Analogous for the entropy density s = —9Q /9T .

- - David Blaschke - Towards a unified approach to quark-hadron matter 26




D
Unified approach to quark-nuclear matter ('3 CASVUS

’ CENTER FOR ADVANCED
Polyakov-loop modified distribution functions

B SYSTEMS UNDERSTANDING

For multiquark clusters with net number a of valence quarks holds

= 3
f(a).+ (acven) (¢ —2¢yt)yt +yi
¢ = 3 ?
13—y lys —vi
i 3
[a)t (aodd) (¢ + 20y )y +yi
( i

= § 3'.'
1+3(d+ dyd)yd +yi

where yi = e~ (EFa)/T and E, = \/p2 + M2,

It is instructive to consider the two limits ¢ = ¢ = 1 (deconfinement)

f-{a:D,2,4,...),:|: s Jr’,it f(a=1,3,5,...],:|: - .}"ai
= 1—ys ¥ 14y
and ¢ = ¢ = 0 (confinement),
3 3
f(a:072,4,...),:{: B yai f{azl,a,a,...),i o J«’ét
=0 - 3+ =0 - g -
1 — yét 1+ jt

- - David Blaschke - Towards a unified approach to quark-hadron matter 27
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Inputs: mass spectrum & phase shifts (models)

B SYSTEMS UNDERSTANDING

07— —— L I B i L S WO
: = ] T [MeV]
= 1 T sasSassmaammnsamss 000 | ves 155 |
wy = #
2 O, ] i : - == 157
& A e 3F i 7
= ST e B 1 == 170
T i — 185 -
1000 b= = - - e e e e ! : = "._ -
gt e eyl -t L~ 1 251 | Y T -
./ | - . k
/ HL |
M e - s P TR
2100 . & T
=
1.5F -
1+ |
10F i e
Eo—— M, ' ] L
— - M,
= M, 0.5 7
- My I
""" Inadron
l I 1 I I | I 1 I I | 1 I 1 I | 1 I 1 I 0 L 1 ! 1 1 foi iRt 1
0 100 200 300 400 0 2000 2500
T [MeV]

D.B., M. Ciernak, O. Ivanytskyi and G. Ropke, arXiv:2308.07950
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B SYSTEMS UNDERSTANDING
Inputs: mass spectrum & phase shifts (models)
Mesons: Baryons:
PDG di | Mppc | M: | Mg, | Mg, PDG d: | Mrpa M, Mg, | Mz,
mesons [MeV] | [MeV] | [MeV] | [MeV] baryons [MeV] [MeV] [MeV] | [MeV]
7t [0 3 140 140 1254 119 n/p 4 939 939 1881 16.8
Kt/K® | 4 | 494 494 1397 | 129.6 A 2 | 1116 1082 2024 | 135.2
n 1 | 548 878 1349 | 90.1 » 6 | 1193 1082 2024 | 135.2
pt/p" 9 775 783 1254 11.2 A 16 | 1232 | 1251 | 3135 28
w 9 | 783 783 1254 | 11.2 =0 2 | 1315 1225 2167 | 253.6
K*H/k*? |12 | 895 806* | 2651 | 140.8 =" 2 | 1322 1225 2167 | 253.6
7 1| 960 878 | 1349 | 90.1 $(1385) | 6 | 1385 | 1394™) | 3278 | 146.4
ao 3 | 980 | 10957 | 2508 | 22.4 A(1405) | 2 | 1405 | 1394*7) | 3278 | 146.4
fo 1 | 980 | 10957 | 2508 | 22.4 N(1440) | 4 | 1440 | 125177 | 3135 28
é 3 | 1020 | 1069 | 1540 | 248
N(2195) | 36 | 2220 | 1251**) | 3135 28
m2(1880) | 15 | 1895 | 1005*) | 2508 | 22.4 X(2250) | 6 | 2250 | 1394*) | 3278 | 146.4
f2(1950) | 5 | 1944 | 10957 | 2508 | 22.4 27(2250) | 2 | 2252 | 1680 | 3564 | 383.2
a4 (2040) 27 1996 1095*) 2508 22 .4 N(2250) 20 | 29275 1251**) 3135 28
f2(2010) | 5 | 2011 | 1095*) | 2508 | 22.4 A(2350) | 10 | 2350 | 1394*%) | 3278 | 146.4
f4(2050) | 9 | 2018 | 1095%) | 2508 | 22.4 A(2420) | 48 | 2420 | 1251*%) | 3135 28
K37(2045) | 36 | 2045 | 1238%) | 2651 | 140.8 N(2600) | 24 | 2600 | 1251**) | 3135 28
$(2170) 3 | 2175 | 13817 | 2794 | 259.2
f2(2300) | 5 | 2297 | 1095*) | 2508 | 224
f2(2340) | 5 | 2339 | 1095*) | 2508 | 22.4 ... and colored clusters !

D.B., M. Ciernak, O. Ivanytskyi and G. Ropke, arXiv:2308.07950
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Results for Mott-Hadron Resonance Gas (I\/IHRG;

SYSTEMS UNDERSTANDING

15—

L N H NE R S S G B G F B 1 S S |

— —
ue/T=0 /T = 3.0
[ e SU i ] [ e SU ]
1251~ SUSD ‘ ] 125 == SUsD ' ]
L —— SuC H 1 -+ —— SUC i 1
-, Borsanyi et al., i [ Borsédnyi et al.,
i PRL (2021) i L PRL (2021)
101 f . 10 i
= | =
— o --E';L L
275 R £ 7.5 ]
= | s
5 i A L
o 7 i 7
2.5 5 - 25F —
{} I L il L .D L " "
0 250 0 250

D.B., M. Ciernak, O. Ivanytskyi and G. Ropke, arXiv:2308.07950
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Entropy for MHRG: role of the sin"2-term

B SYSTEMS UNDERSTANDING

BT " T ] 1 T T 5T T 7 ~ T 7 1
| He/T=0 H | i s/ T=3.0
b e sU :.-' - b e sU
| —--=- S5USD | | —--=- SUSD
s el v | ol
12..)‘ — SUC .:'_ ‘ 12..)‘ — SUC
L . — - SUCw/osin’-factor i . L . — - SUCw/o sin’-factor
Borsdnyi et al,, i | i Borsdnyi et al,,
wol. PRL (2021) 1 wol. PRL (2021) 1
|
T i
E S
s |
m |-
5_
A
0
0

D.B., M. Ciernak, O. Ivanytskyi and G. Ropke, arXiv:2308.07950
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B SYSTEMS UNDERSTANDING

Unified approach to quark-hadron matter
Results for the entropy density

20 T T T 1 T 20 T T T T T T T T
i 1s/T=0 - 1s/T=3.0 ;
Borsdnyi et al., PRL (2021) Borsanyi et al., PRL (2021)
wordd f':a
15 — 15 AL
ot ‘""H
10+ - 10k _
> b ;
5 5,” .f____..gmnns - 5L J ‘/___.——-—gluuns—':
I s ¥
| / I -
i k B I~
Il ns St E o L < L Cofored
. Hadro 'L— -colored clusters " 5 padrons —'-__;r‘ “-.-_-:_:A_:IFCilisrem
_ % ] \
L ~ _ perturbative - _
L correction 4 L .y e perturbative |
B ! . ! s I . ! L 1 ' i L s | . | ’ L cogrection "~
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T [MeV] T [MeV]

D.B., M. Ciernak, O. Ivanytskyi and G. Ropke, arXiv:2308.07950
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Unified approach to quark-hadron matter _yCASYS
Results for the entropy density & composition

B SYSTEMS UNDERSTANDING

20 T T T T I\/_J—I—A—-l—b 1 F
| — pg/T=30 ! -? q
| —  pp/T=20 — —P g
| === w/T=10 ponteieetn =
. ug/T=0 0.1:
15 .
0.01 3
2, E
— ].0 = 73] wl 10 Al -
% »
: 107 3
5+ i)
- 1071
D VI N B 10_“ ;
0 50 100 150 200 250950 1000 0 250 30C

T [MeV]

D.B., M. Ciernak, O. Ivanytskyi and G. Ropke, arXiv:2308.07950
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Relativistic density functional for quark matter (',t, CASVUS

With chiral symmetry, color SC & confinement

B SYSTEMS UNDERSTANDING

Lagrangian L=q(id—m)qg—-U+Ly+L;+Lp
@ Scalar & pseudoscalar interaction channels
U = Go [(1+0a)(da)} - (qa)? — (@i30)?]
(motivated by String Flip Model, y-dynamics, quark " confinement")
@ Vector-isoscalar interaction channel
Ly = —Gy(qyu9)°
(motivated by gluon exchange, stiff EoS needed to reach 2M,;))
@ Vector-isovector interaction channel
L =—Gi(gv,7q)°
(motivated by gluon exchange, isospin sensitive interaction)

@ Diquark interaction channel

Lp=Gp E (QivsT2AAG°) (G iv5T2AAQ)
A=257
(motivated by Cooper theorem. color superconductivity)

- - David Blaschke - Towards a unified approach to quark-hadron matter 35
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What is new?

B SYSTEMS UNDERSTANDING

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

Interaction 1/ = Do [(1+a)(qa)§ - (74)® — (7i75)?]”

e Parameters

Dy - dimensionfull coupling, controls interaction strength

« - dimensionless constant, controls vacuum quark mass

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

w=1/3 x=1
Y Y
motivated by String Flip model Nambu—Jona-Lasinio model
Usem o (qTq)3/3
Yopy = % o (gtq)~1/3 o separation

e Dimensionality

U] = energy*

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

self energy — string tension x separation = | confinement

- - David Blaschke - Towards a unified approach to quark-hadron matter 36
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Relativistic density functional for quark matter ({{_3, SASYS
Expansion around mean fields

B SYSTEMS UNDERSTANDING

U= Uur +(99—(q9))Ls — Gs(qq - (dq))” — Gps (ﬁf?”}”ECI)iJr -

N

0th order 1st ;der 2nd ::rder
L'-_ T ]
GS = GPS _
’ -' X -restored
@ Mean-field scalar self-energy g phase
- ~ X-broken
¥ s OUMF 4 phase
0(qq) |
3_
o Effective medium dependent couplings [
5 5 JEmmm=--- NJL === === = = = S
G 10 UmE G 1 0 UmE
29(gq)2’ 7 6 O(qiTY5q)2 =1 g, =10
li.l ] 100 150 200 250

David Blaschke - Towards a unified approach to quark-hadron matter
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Comparison to Nambu—Jona-Lasinio model
L=4(i#— (m+Xs) )qg+ Gs(qq)’ + Gps (qiTysq)° + -+ Lv + Lp
N, s’

effective mass m*

e Similarities:

1500 ————
- current-current interaction '
- (pseudo)scalar, vector, diquark, ... channels
12
e Differences:
E - > 900 }
- high m* at low T, ; = “confinement” E :
_ N 3G ool
(@9) = @q)o = m*=m——07p—37 "L
302/3(qq), FhR
! )
m" — oo at a — 0 R

- medium dependent couplings:

low T, pu, = Gs # Gps = x-broken
high T, i, = Gs = Gps = y-symmetric

- - David Blaschke - Towards a unified approach to quark-hadron matter 38
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Bosonisation by HS-transformation

e Hubbard-Stratonovich transformation

s [ / dx G(anF] = f [D{iexp [ [ e (f’; +¢afq)]

@ Vertexes: s =1 = scalar-isoscalar o-field
[ps = in°T = pseuscalar-isoscalar 7-field

fﬁ} = ~* = vector-isoscalar w-field X = >-..-<
ffﬁ = y#7 = vector-isoscalar p*-field
[A = in5A\a7m = scalar diquark Ap-field

o Bosonized Lagrangian (m* = m + Xg - effective mass, QT = (q q%)/Vv2)

o2 72 3 w? 4 7 AsA
AGs 4Gps 4Gy 4G 4Gp

L+qThg=Q05'Q - —Unr + () (Ts + o)

A

ﬂ_l .
s ( :’A;;;Tz)\,a ’AA’TET_E?A ) , O = f(,‘ﬁ—m*—a—f’ysﬁ-f’:t'mfl:tcp:tﬁ-f’

- - David Blaschke - Towards a unified approach to quark-hadron matter |
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Mean field approximation

B ‘r STEM lf* JERS IJI-.II NG
e Field equations for ¢ and 7

{ o = 2Gs({qq) —9q)

7 — —DGrsTiTsq = (0)=(7) =0 = o,7 — beyond MF

comment: (o) = 0 does not assume y-symmetry since (Gq) # 0
@ Thermodynamic potential
(wp) = dpow,  (Pp) = duodazp, [(Aa)| = daA
4
" 2 A2

Q=— 16,V')'Tr’ln(ﬁ‘.‘_a“ ) — 4GV_4G;+4GD+HMF_(qq>ZS

e Vector fields, diquark gap, x-condensate

= =1{) i) - ) ag) =
dw ' Bp 7 BA ICL)

- - David Blaschke - Towards a unified approach to quark-hadron matter 40
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Define the couplings in mesonic channels

' SYSTEMS UNDERSTAMNDING
@ Mesonic correlations

4 o2 72 w? P
L= +G(0+iw? 7 T)g— e —
+q(o+ivwT-T+g+p-7)q 2Ce 4GP5+4GV+4G;

Df_l(pg) = 22}_@% - one-loop mesonic propagator

D7 '(M?) =0 = mesonic masses

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

(ﬁf”)'n':.-n(7;:)-m’ﬂ.’ — 1mn.’1m’n. + ('l':r}"S)m,?'r.’(i'}’ﬁ)n-;_n’
1 1
l(,}ﬁ) (7,) 11y = glﬂlk.j + E(Ta.)ﬂ('ra)kj
— 9 mn'\fp/m'n - 16 1 o
L, S 5 Lo Lo — = gl i
_E(T '-:l’:f'})arn.n’ (ﬁf'p.’-}':ﬁ)?n,"n 3

coefficients - proportional to couplings

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

- - David Blaschke - Towards a unified approach to quark-hadron matter 41
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=y CENTER FOR ADVAMCED

Model setup — parameter fixing with observables

o (Pseudo)scalar interaction channels é""-w\ —
1250 - — M,
. [ —=
(chiral condensate & 7, o mesons) :
“m::——ﬂ———___ \'ﬁ
i |
m [MeV] | A [MeV] .-:u DoA—2 Em; '
42 573 1.43 1.39 =g
M, [MeV] | F. [MeV] | M, [MeV] | (IN3 [MeV] &
140 92 980 -267 . \
Pseudocritical temperature o “"?HME,J;"‘“ w
T. = 163 MeV o low T:  2mgyark > My, M,

(stable mesons, confined quarks)

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

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

M, =783 MeV = 7y = &2 = 0452, M, =775 MeV = 5 = & = 0.454

e Diquark pairing channel (Fierz transformation) np = g—gg = 1.5ny = 0.678

- - David Blaschke - Towards a unified approach to quark-hadron matter | 42
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Onset of color superconductivity

- SYSTEMS UNDERSTANDING

T=190

e Single quark energy and distribution 2400

E¢ = sgn(Er F pr)V/ (Er F )2 + A2

25C

- quark matter
1800 -

i = lexp(EF/T) + 1] o :
e Gap equatinn :zi 1200 F g
= =]
o2 dk I 2f o kS
i — i Z f —0 . S E
A 2G D Fia—1 sool quark matter
U |
two solutions : A =0o0or A #0 bz os [1]12 I '
@ Two solutions coincide = SC onset No vacuum superconductivity
520 U
A )azo: 0 = ps=ps(Cp) np < 0.78

(agrees with the Fierz value)

- - David Blaschke - Towards a unified approach to quark-hadron matter 43
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Asymptotically conformal EOS for neutron stars

B SYSTEMS UNDERSTANDING

@ Setup: electric neutrality, S-equilibrium, Maxwell construction with DD2 EoS
@ Scanning over 7y and np at M;p = M,y

1000 1
1000 ;
Miller et al.. t Hebeler et al..
Hebeler et al., 1 ;
100 | ;
100 ¢ e} s
= & |
= > il
Z E : "
= ' =
10 | b
' M, = 600 MeV : M, = 800 MeV
. DDZnpY-T ' —  DD2ZnpY-1
ot ——— (0,200, 0.610)
———= (0.260,0.710) s g ED
e {gﬁ‘;ﬁgﬁg; — - (0.255,0.650)
. —_ - 330, 0075 Krigeretal, |
| Kriiger etal., Pelis (0.370, 0.770) il B (0.290, 0.670)
100 1000 100 1000
-3
£ [MeV fm™) £ [MeVim™]

The w-meson value of ny and the Fierz value of 7p
prefer early deconfinement?
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Speed of sound

>

0.5F 20§ 3 PaNTiw ' 1
i,
ey, PR
--"""'-:‘ i
--"'---:_-:-._H :"-l:”
04 T
bt L7 [']3 I i -
il
ly
(i
: l
0.2 )l -
: i | I
kil M, = 600 MeV
Pl o) —— DD2npY-T
0.1 |5 H ———= (0.260, 0.710)]
H - = = (0.290,0.730)
|§ ¥ ] — = [0.330,0.750)
’ gl e (0.370, 0.770)
100 1000 10°
e [MeV fm™|

CASUS
0’ CEMTER FOR ADVANCED
B SYSTEMS UNDERSTANDING
M, = 800 MeV
— DDZnp¥-T
—-—=- (0.200, 0.610)7
- == (0.225,0.63D)
— = (0.255, 0.650)
¢ g ] e——— (0.290, 0.670)
100 1000 10°

£ [MeV fm™

O. Ilvanytskyi and D.B., Particles 5 (2022) 514 - 534

David Blaschke - Towards a unified approach to quark-hadron matter

45



D
Neutron star phenomenology from TOV egns. (',t, CASUS

CENTER FOR ADVAMCED
B SYSTEMS UNDERSTANDING

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)_ldr? + r*d§)?

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

dP(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 - Towards a unified approach to quark-hadron matter |
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_ _Gm(r)s(r] fi.i Pu_rfl i bmrr f[.’r} (1 _26m(r))
dr r e(r) m(r) \ r
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Neutron star phenomenology from TOV eqns.

P N
1. CASUS

=y CENTER FOR ADVAMCED
B SYSTEMS UNDERSTANDING

There is a 1:1 correspondence EOS P(g)—M(R)

Tolman-Oppenheimer-Volkoff (TOV) equations - solutions

600 —
500 |

o 400
= I

200 f

100 |

2300}
27
al

ol

/
/
I =g
NLW model ]
l i
/ -
/ _
l . i
/ i ]
g Sal i
, .o. ’
/ |
/ . ]
’ i
£
2. /
'A ]
¥ Free neutrons T
¢
/«c

500 1000 '31'5'00' 2000
E [MeV/fm']

2.5

2.0

=10}
0.5

0.0l

—1.5}

------

,-b\ —
\
\

* I NLW model
. 1

/R |

Free neutrons
L

0

10 15
R [km]

Stiffer equation of state — larger radius and larger maximum mass
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M [Mg]

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

il
e

1.5

0.5

L 034B+0432 :
- Antonladis et al.,
L -

FGW 170817 excluded
Bauswein et al,

GW170817
|Abbott e al.,

| NICER 1002040451
| Raaijmakers et al.,
M, = 600 MeV

—— DDZnpY-T

(0.260, 0.710}
(0.290, 0.730)
(0.330, 0.750)

(0.370, 0.770)

oermsJCER TO740+6620  NICER [074046620

" Riley et al,, Miller et al,,

NICER JOUE0+ {'I-'I-'_il =
Miller gLl

PG 17081 7 excluded -
Anmads et al.,

8 10

12 14 16

) cAsus

et 4/ CENTER FOR ADVANCED
B SYSTEMS UNDERSTANDING

2.5

10348+0432 £
Antoniadis et nl..'_.-"

Bauswein ef al

1.5
LGW 170817
| Abbott et al.,

M [Mo]

| NICER JOO30+0451
| Raaijmakers et al.,

Mg = B0OO MeV
0.5|—— DD2npY-T
(0.200, 0.610)
(0.225, 0.630)
(0.255, 0.650)
(0.290, 0.670)

— —

NICER JO740+6620 NICER J0T40+6620 4
Riley ev al., Miller ez al.,

NICER JO030+045]
Miller el

W 170817 excluded-
Annala et al.,

8 10

12 14 16

R [km]

Observational data prefer early deconfinement?

David Blaschke - Towards a unified approach to quark-hadron matter
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Special point (SP) in the mass-radius diagram
for hybrid neutron stars

@ Quark EoS 2.0
- s
P=3" 3 -
B - bag constant Em 1.0
=
e Variation of B 05
Y
family of hybrid quark-hadron Eo 0'0-:5 78 9 10 11 12 1

R, km

@ Special point - narrow range of intersection of M-R curves

A. V. Yudin et al., Astron. Lett. 40, 201 (2014)

- - David Blaschke - Towards a unified approach to quark-hadron matter
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CENTER FOR ADVANCED
SYSTEMS UNDERSTANDING

Relativistic density functional for quark matter
SP in M-R diagram for hybrid neutron stars

3.0

e Weak sensitivity to hadron EoS -

M. Cierniak and D. Blaschke, Eur. Phys. J. ST 229, 3663 (2020) 2.0 YT
i i

GW 170817 excluded
{Bauswein et al.)

W 170817 excluded
nnala et al.}

1.0
e Weak sensitivity to details of 45
quark-to-hadron transition
0.0 .
6 8 10 12 14 16 18
M. Cierniak and D. Blaschke, Astron. Nachr. 342, 819-825 (2021) R [km]
2.5 GW 190814
2.0 PE_R:;Q;-}T_HBEZU

GW 170817 eucluded
{Bauswein et al.)

0451
prpra|!

@ Sensitivity to quark EoS only

U 1.0

SP can be used in order to test
quark EoS 9 10 11 12 13 14 15 16 17

o l.rﬂal.l' excluded
Annala et al.)

— DDZp40
& special point

David Blaschke - Towards a unified approach to quark-hadron matter 50
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Parametrization of the RDF quark matter EoS

B SYSTEMS UNDERSTANDING

1000
@ Phenomenological “confinement” L 04
.
p ~ —B at small densities ]
% 0ol
g A
. E i «?‘l‘
o Asymptotically conformal S0} g

p o< p} at high densities

@ Color superconductivity

correction o R’

o ABPR-like parameterization (M., = 600 MeV)
p=Ayuh +A%f — B

Az, A, B depend on 1y, 1p

- 1 L 1 1 1 L 1 1 1 L L 1 1 L L
8OO 1000 1200 1400 1600 1800

C. Gartlein et al., arXiv:2301.10765; D.B. et al., PRD107, 063034 et

- - David Blaschke - Towards a unified approach to quark-hadron matter 51
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SP in M-R diagram for hybrid neutron stars

‘J\r STEN jlf*l ERS ."‘IJI'.II NG

25— — —
PSR J0740+6620 ...
V i t_ f t F d - Fonseca et al., ; -‘v“"&r MC&?‘:“?‘*&Q& ———
| '-t-'- eraf; - . d
e Variation of 7np at fixed ny A R ;
| J0348+0432 B o
U Anlmuddl& (.l .J.I .....
Special point ..
s GW 170817 o
= FAbbott et al,~ 5
e SPs are equidistant =
@ Max and Mgt are anticorrelated =il
M .ax — observationally constrained
! L L | L ! L | I ! I |
Monser — controlled by ny, np 0, ia 5 = =

Is it possible to constrain 7y and np?

- - David Blaschke - Towards a unified approach to quark-hadron matter 52
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SP in M-R diagram for hybrid neutron stars

B SYSTEMS UNDERSTANDING

23

e Onset mass _ o 1n,=023 |
V.. B 1n,=029
OEL ¥ 1v=035
Monset is controlled by nv, np e
2-2_ J" .......................... ' ......................... "_
. ¢ M i
e Maximum mass S Lo
e h"..‘-h‘
— -."‘- —
* gosar TSR i a
Mmax = MSP + 9 |Monset = Monsetl
2.05
0 depends on ny and 1p 4
N Tk - ) -
M et = 1.245 Mg, - universal N
025 0.5 0.75 1 1.25 15
C. Gartlein et al., 2301.10765 [nucl-th] Monset [Mo]
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B SYSTEMS UNDERSTANDING
SP in M-R diagram for hybrid neutron stars

@ No vacuum color-superconductivity os N \\S ——
np < 0.78 = ' 1 E
:"% 2

3 o
0. Ivanytskyi, D. Blaschke, PRD (2022) 0.4 PN =

:2"\' ;\ o5&
0.07 2 i \\ = Bl

© Mmax = 2.087 Mg g ; "?‘59 \\\\ 3¢
E. Fonseca et al., Astrophys. J. Lett. 915, L12 (2021) .@F % —g g
0.3 N \ b < g_'—
;Y \ 2
@ Not too early deconfinement 02 DM mu>,2 OIM, ' %_
NN g ' -

onset — Msaturation 0. AR M, x’ \\X\ N
0.65 % 0.75 0.8

o Mo
e Stability of the quark branch M, = 783 MeV = 5y = 0.452

Are the couplings constrained to the small region
suggesting M, et < 0.5Mg and M, .x > 2.4M?
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Mass-radius diagram for hybrid neutron stars

>

CASUS

0’ CENTER FOR ADVANCED
-

SYSTEMS UNDERSTANDING

0.5

29

PSR J0740+6620
I Fonsecaetal.,

2L
| J0348+0432
| Antoniadis etal., _

L5

0.45

0.4

M nax >,2 01 M,

Forbidden region
(color-supercondugtivity in vacuum)

~o GW 1?031‘:‘-'"-’._ rinil
-Abbott et al,,~" .- N
=N ¢ e
L %S :g
i 25
e 0.3
&
0.5
0.25 IR Y imax 772
: f
0 _ | L | N | |.|l < éf (
" ° o - 16 065
R [km] .
Mmax = Msp + 0 [Mgneet — Monset|” | Msp = kmspnv + busp; 0 = Kstiv + s ;

C. Gartlein et al.,

arXiv:2301.10765v2 ; Phys. Rev. D (2023) in production
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M*
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CENTER FOR ADVANCED

Relativistic density functional for quark matter (' ), SASVUS
Mass-radius diagram for hybrid neutron stars

Compare to:
G. Baym, S. Furusawa, T. Hatsuda, T.
Kojo,
H. Togashi, Apd 885, 42 (2019)

B SYSTEMS UNDERSTANDING

0.5

0.45

Maax /Mo
1.65 - : 0.4
1.6 - -
=
1.55 L i =
1.5 | =
1.45 L - 0.3
A+ Mumax/Mg = 1.94 [A]
14 F 208 [B] NN
0.25
1.35 = 2.20 [C] Ay A
2.29 [D]
s | I | L1 |
05 06 07 08 09 11 12 18 2
0.65
gv /G
Mmax = Msp + 4 |M0nset Monset‘m Mgp = k‘MSP’!}V -} bMSP ;

'\

.0’01’

Oﬂsﬁr ~
&°
//////////_,.

Forbidden region
(color-supercondugtivity in vacuum)

et

.

07 075

Npb
6 = ksny +bs; M3

onset

C. Gartlein et al., arXiv:2301.10765v2 ; Phys. Rev. D (2023) in production
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CEMTER FOR ADVANCED

- SYSTEMS UNDERSTANDING

Phase diagram with two-zone interpolation

O. Ivanytskyi & D.B., EPJA 58, 152 (2022) %[, '
_\\
\\
@ Normal quark matter soF
A\
2 spin x 2 flavor x 3 color =12 3
\
\
@ 25C quark matter - 60 - .
© \
2 spin x 2 flavor x 1 color+1=5 2= \
\
Quark pairi d s \
pairing reduces  Eadrons |
number of quark states |
|8 20 -
requires higher T  + W | __.
along adiabat N g
700 900 1100 1300 1500 1700
K [MeV]

- EOS tables are prepared for simulation of supernovae and NS mergers

David Blaschke - Towards a unified approach to quark-hadron matter |
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Phase diagram with two-zone interpolation

O. Ivanytskyi & D.B., EPJA 58, 152 (2022) %[

@ Normal quark matter ™

2 spin x 2 flavor x 3 color =12

L .-‘_,-": ":ﬁf
@ 25C quark matter 60 T
> | &7 475y =1.0
2 spin x 2 flavor x 1 color+1=5 3
= 10 Quarks o

Quark pairing reduces

number of quark states s/ng=05"|

4 20 n*=0.15fm> -

2 " B ] e o EREENT | — h.g i ]
requires higher T o EE.qu
along adiabat N — g

0.6 0.8

Ny [fﬁl_al
- EOS tables are prepared for simulation of supernovae and NS mergers
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Conclusion (' CASVUS

g
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 = 50My)) 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

- - David Blaschke - Towards a unified approach to quark-hadron matter
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Towards a unified approach to (‘ 3, CASVS
q u ar k- had ro n matte r " SYSTEMS UNDERSTANDING

David Blaschke (IFT UWr, HZDR/CASUS)

Questions ?

David Blaschke - Towards a unified approach to quark-hadron matter
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Walecka model for dense nuclear matter (' Y, CASYS
B SYSTEMS UNDERSTANDING
Meson exchange model Feynman diagrams for 7~

example: scalar (o) meson exchange

(—A+m)o(F) = —g,o(F)
—MgF
= o(r) = -%°
Vi o
2 . —m.,r
g e
ViR(r) = goo(r)=-72—
Meson = T S | M[MeV]
70, Tt 0~ 1 0 140
o ot 0 0 ~ 500
KOK® || 0~ | 1j2 | %1 495
7 0~ 0 0 550
o 1= 1| O 770
) o+ 1 0 900 2 e

David Blaschke - Density functional approach to neutron star astrophysics 62
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Walecka model for dense nuclear matter (ll) 8 CASVUS

* CENTER FOR ADVANCED
SYSTEMS UNDERSTANDING
-

Field theoretical formulation: Lagrangian and Path Integral for Partition Function

G=1 5T
Zal T,V A} = / (][ V] exp / dr [33% (Lo + L1 + ppWE W, + paWi )
‘ 0 %
_ &
LotrD) = W, R) (vl — W) WD) s L4l R) = i (1R (7, ) = i, )i, )
_ Un, 1
I U PRV 4 eutren
- — T — — = ! ==
Jwu(1:X) = WY(r, X))y V(T X) Vp ﬂ"’T Antineutron
n, |
i = i — symmetric nuclear matter

ttn #0; pp =0 — pure neutron matter
[tn = [tp + fte— — neutron star matter (3-equilibrium)

- - David Blaschke - Density functional approach to neutron star astrophysics
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Walecka model for dense nuclear matter (lll) NS CASUS

TER FOR ADV.
‘r STEMS UNDERS IJI'.II NG
| =

Evaluation of the Path Integral: Hubbard-Stratonovich trick
2

o (_ ) & (W)) = (der6;1)? [ldolex (2% 2 gw)

Effective action quadratic = Gaussian Path Integral

2 2
—/dT/d3 {W(XT ( '}’n—+r"f‘? mN+"1’uM‘|‘G'_'TMWH) ‘l’(-?ff,'r)Jr;:g —2:“ }

Wi

Fourier representation: W(X,T) =,/ % Ykl e'(PtwnTI (B) , with wp,=7T(2n+1)

B — 3 3
/ dr [ d*X (X, T) (—'ma— + iV — my +o1 +0 — ’mwo) V(X,T)
0

- BV / dT/dgxzz W, (B') (—inown — 7B — myy + you™) Wn(B) PP IR Hen—wn )7}

LS s

n,n’ p,p

- ﬁZZﬁn(p _'T.up,u ll‘rn(!-"’ Zzwn{f-’)@ 1[5' U—’D]wn{P
n p

Effective mass my, = my — o, chemical potential p* = p — wp and quasiparticle propagator

3

G How] = —BWupu+my) ., po=iwn—p
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D
Walecka model for dense nuclear matter (1V) 1, CASVUS

* CENTER FOR ADVANCED

= SYSTEMS UNDERSTANDING
Evaluate fermionic path integral and mean field approximation
{"2—_“‘21& Wn(B)6 ™ o, wol W {*)}
n n\P T nlp
Za{T .V, {m}l) = N]_—_[/[dll! )[dWa(B)][do][dwo]e 26wrg B 0

2 2
= [idelidenon {6 foenl + 37— 52

—2 —2
= exp { Tr In G—l[a,mg] + 2'1.‘(, — 22; }

Stationarity condition: dInZg /0 = 8InZg /0wy = 0 corresponds to "gap equations”:

& = —G,TrG[e,wo] = Gons, wWo=—GuTr10G[F,wo] = Gun

Thermodynamics: Q(T,V,u) =—-TInZ5 = —pV

3
plifiy T) = %Gwnz— %ng§+4T[ aip

28 () 10 1€ )

[ B {EY)] 5 TL(E®)=

&35 . . o m
n=4f G [ED) = (€], ns = 4/ s

Quasiparticle properties E* = | /p? + mmz, my = mp — Gons, p* =p— Gyn .

- - David Blaschke - Density functional approach to neutron star astrophysics
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SYSTEMS UNDERSTANDING
-

D
Walecka model for dense nuclear matter (V) 8 CASVUS

Evaluate Traces: TrinG—! = trptrpIn G~ = trpIndetpG—1 =3~ > 5IndetpG—1

Scalar mean field
o = —GzTrGlo,wo]

— i, TZ/
— 26 TZ/ d°p ( m* )
- ’ J (273 \ P2+ m*2 4 (wn + ip*)?

=2 - d3§ m* 1 P 1
B g/ (2m)3 E* \eB(E*—p*) 1 = eB(E*+n*) 41

a'?’_'
trp [YuPu — (m — ) + ivo(p —@)]

Vector mean field

wp = — GED TrvoG [E, E{]]

R / d3p 1 B 1
) @r)3 \eBE =) 11 eBET+Y) 41
Gun
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Walecka model for dense nuclear matter (VI) (' 1 C"‘SUS
Numerical Results

Effective mass Energy per nucleon Pressure
1000 o by —: — c—— =01 | 2""I""|'"'I!|lf'_|r':1"
200
L 1 ]
3 i
2™ =
400 20 _

L I I I L (N UL (R RO T e S L o W L (AL U A
0 01 02 {3.3 04 05 2 ] 0.05 0.1 0.15 0.2
n,, L] ny, [fm ] n,, [fm "]

i r 8

Symmetric nuclear matter (np/ng = 0.5) saturates with a binding energy per nucleon of
Eg/A = 16MeV at ng = np + n, = 0.16 fm 3,
Increasing the asymmetry towards pure neutron matter (n, = 0) makes the system unbound.

Problem: Too high incompressibility and too low mj}, at saturation.

Solutions:
A) nonlinear generalisation of the potential energy V, = G,n2/2+bn2 + cn?
B) density-dependent couplings: G; —+ I';(n) = Gjfi(n) , j=0o,w
DD2 class of density functionals: fj(n) = a;[1 + bj(n/no + d;)?]/[1 + ¢j(n/no + d;)?].

For more details, e.g., J. Kapusta: Finite temperature field theory, CUP (1989)

- - David Blaschke - Density functional approach to neutron star astrophysics |
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“Berlin Wall” constraint for neutron stars? (' A SASUS

Mass-radius diagram for purely hadronic EOS

B SYSTEMS UNDERSTANDING
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“Berlin wall” constraint for neutron stars 1, CASVUS
B SYSTEMS UNDERSTANDING

Realistic hadronic EOS (with strange baryons)

Tension with modern multi-messenger observations by LVC and NICER

3 ' Examples for hadronic EoS without

(dashed lines) and with (solid lines)
strange baryons. EoS which fulfill the
observational constraints should be left
of the vertical line at 1.4 Msun and

should cross the horizontal line for the
minimal maximum mass at 2.01 Msun.
= There is no EoS of this sample which
fulfiflls both constraints !!

e
2F o
-

| GW1T70817

|

—

LHS — PK1

RMF201 = NL3up
NL3 S271v6
Hyhbrid i [ FEVW
T™2 DD-LZ1 PC-PK1
NLSV1 — DI-ME2 w— OMEG

DD2
PEDD
DD-PC1

M (Mo)
11T

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

(10 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

. . ! - ' NL3wp 1.974 DD2 1935
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post@ 4 CENTER FOR ADVANCED
SYSTEMS UNDERSTANDING

“Berlin Wall” constraint for neutron stars?
Mass-radius diagram for purely hadronic EOS

Appearance of hyperons softens the EOS - Limitation for the maximum mass

5 T T WA | 'y T L | L T L | L T |' 3.0 m . IIIII.I P
Warying L. (n::}frr ] o _ & ; J
- 4+ - ! s 25 AT 400 ; ¢
s [ y - s H e | v / o
- e " ot F
3 - | L me40.60] i 20- T e b g i &7 3004 E
o ol EENYa i ) l b 2 200 Fh
E ; = e i} F .
- I 1.0 s T it
& 4L I 1o e
L 0.5
il Dt BV, Lod Y e
1 23 4 &5 & F o.um - - ' 1;3 = = 0.2 0.4 08 0g 10
-3
PP R lm] : N .
3.0 T T T T Fig- B. Prosam P oss o function of barpon docsity o0 Thock
I {b) FIG. 7. Neutron-siar masses as a function of the radlins R, Solid | (K0 curves sre with {without] by peron nibxing. Solid, dashed
» {dashed) curves are with (withous) hyperon (A and T~ 1 mixing for nnd dotted eurves aro for MPa, MP” and MPh
ESC+MFPa and ESC+MPb. The dot-dashed curve for MIFD s with A
P r miwing only. Adso see the caption of Fig, 3, 23
=1 - -
= 1 1 | Yamamoto et al., Phys.Rev.C 96 (2017) 06580; T
arXiv: 170806163 [nucl-th] / , 18-
3 ] ‘B
L —_ =
0.0l : , i Yamamoto et al., Eur. Phys_J. A 52 (2016} 19; 3 10-

1M 12 13 14 11 12 13 14 | aXiv-1510.06099 fnuckth]

R (km} R {km} 05-
‘\\J-I & Sedrakian, Phys. Rev. C 100 (2019) 015809,

FIG. 4. EoS models and MR relations for N, N¥, and N¥A com- _ 220v-1903.06057 [astro-ph.HE] LB

positions of stellar matter. The bands are generated by varving the A =
parameters Oy [MeV] (a, b) and Ly, [MeV] (¢, d). The ranges of Examples for realistic hadronic EoS

Qg andd Loy, allowed by yEFT and maximum mass constraints are [AS G EEER =TI TTR VT ER ) )
indicated in the figures. tothe lineM=2.0 M_sun

1o " 12 13 14 1a 16
R [m]

Fig. §. Moutrop-star musses as a lusction of tbo roadins R

Sofid, dnsbid apd dotted] rorves e for MPa, MPr' and MPb.

Two dotted lmes show the absorved mass {197 £ 0IM)AL; of
J1814-EXLL
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SYSTEMS UNDERSTANDING

“Berlin wall” constraint for neutron stars
Realistic hadronic EOS (with strange baryons)

Y. Yamamoto, H. Togashi, T. Tamagawa, T. Furumoto, N. Yasutake, T. Rijken, PRC 96 (2017)

10% . 5 20 20
: ESC+MPa AV1i8+MPa'
104 10
‘ g 0- 0-
Lo -2 [}
s 10°F . =
o 3 ~
[=) “-10- ESC+MPb| —10- AV18+MPY
= ESC+MPa X .-
- I AV 1 _ -=-="AviS
f ———  AV+MPa ~20- S, ESC-7] -20-
-t AV"‘MPa' T |-‘- -‘I T T T T T T
al _ _ 01 02 03 04 01 02 03 04
1o *0 + *°0 elastic scattering - [fm ] o [fm™]
E/A = 70 MeV N i
0 1I0 2I0 2_5; éSoIid:iESCJrMPa
1 e :Dashr?d- AV18+MPa’
Bc'm' (degree) 2-0*:222212221:222112. "ZZIZZ;:Z‘I‘ Z;:ZIZZ:ZZ:::ZIZ:Z:ZZ:
. . 5 Solid: ESC+MF:—b ' N
Short-range multi-pomeron exchange potential (MPP) 1.5 PRRSEAVIEMER G
added to AV18 potential gives significant improvement RERTY
of large-angle scattering cross section (s.a.) and the 05 \
Nuclear saturation properties, when compared to APR. 00l : é
— Neutron star radii R(M< 2 M_sun) > 12 km !l 10 i e 14 15

David Blaschke -

Density functional approach to neutron star astrophysics
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Breaking the “Berlin wall” constraint

‘a4 CENTER FOR ADVANCED
SYSTEMS UNDERSTANDING

With Bayesian analyses and hybrid EOS

Neutron star EoS constraint from pQCD

10 QcD |
excluded by = E’ Pt
Integral ~ pPQCD F

o constraints ”

% constraints dub, /B Y
o 100: 'zn y 4 : Causality -
= constraints ]
% ' Integral -

B constraints

o q0. . / ]

i - BN 5oy s

500 1000 5000 10%

Energy density € [MeV/fm®]

O. Komoltsev and A. Kurkela, Phys. Rev. D 128 (2022) 202701

David Blaschke - Density functional approach to neutron star astrophysics |

Consistency check for neutron star EoS from
the CompOSE library

\ = Consistent
\ " = In tension
\ —— Not consistent

L] 25
| 20

1.5

n [fm—3]

1.0

0.5

0.0
0.0
10 0.5

5 .
p [Gev/fm*)

Result: Not all EoS fulfill the consistency check with
pQCD asymptotics! pQCD important for NS!
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Breaking the “Berlin wall” constraint Cycnsys
With Bayesian analyses and hybrid EOS

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

M[Ms] £ [GeV/fm?]
3.5 - 2.5
= NICERINT4046620 NICER o710+ 6520
#0044 “Riley et al i Milier et al.
3.0 - i B ¢
2k B
2 5 ] W FTInITe
L o |.-‘u31
2.0 - S [Abbottetal
AL 170017 exchpded
E Yt 1.||||.:i.|.-1':~.||“.
= | NTOER Mgse-4
1.5 1 Riulimake
M, = 600 MeV
A {Gy,, # const)
10 —WIJDEHPY—T
D5 | === (0.260,0.710) [ "5,
— e (0.290, 0.730) e ot
0.5 - — (0,330, 0.750) |
vesnns (0,370, 0.770)
= 0 s Berlin Wall o n 1
T I T T T T T
g8 9 10 1 12 13 g 15 16 U 8 = i - 16
km

The conjectured “Berlin Wall” overlaid to the Fig. 2 from Gorda, Komolisev & 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

Ropke, Blaschke, Scuz, PRD34 (198) 3499
. 3 qu - .
Z= /DEDQEXP f dT/ d°z (Lot +qr0fq] ¢ » 4= (qd ) p = diag(pu, )
0 Vv

L '/ T " :
Lot = Liee 1U(39,0709)|, Lige = G (—"mg +1i5 -V — m) q, m = diag(my,mg)

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

U(é‘?a (?WUQ) = U(nsa n ) + (qu —n )Zs +(@.}J[}q = 'nv)Ev g T

_ 0U(qq,qv09) dU (ns, ny)
{Gq) = ns= Ny = -—lnz Y, = 2 = ,
j___zurd - fzud V omy d(qq) Gq=n. On
) T 9 dU(aq, 3v09) oU (ns,ny)
(Trg) =nv= ) nyp= ) wz—IhZ, I, = = . )
0 f;d f .V ouy @109)  |gvpq=n. dony

= f'DEDq exXp {Squasi[q_:« Q] o= 5V9[ﬂ5,m]} s 8[”51nv] = U(nss nv) = Eans = Evnv

qua..51 ﬁzzqc l(wna,ﬁ)Q= Gul(wnaﬁ) — ’Tﬂ(_iwn_}_ﬁt)_;}:'ﬁ n’
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D
Relativistic density functionals for QCD ('3, CASUS

CENTER FOR ADVANCED
SYSTEMS UNDERSTANDING
| =

= /D@Dq exp {Squasi|q, g] — BV Ons, ny]} , B[ns, ny| = U(ns,ny) — Bgng — Eyny

2 iy = /Dq‘Dq exp {Squasild, 9|} = det[BG7], IndetA = Trin A
¢ & o
Pl = % I Z s = ?Tr ]]1[3(;‘"1] “no sea” approximation ...

T]_n 1+e ,S{Ej- “I]+T1D|:1+E ﬁ(E +I—£_f}:|}

f—ud
dp P4 * a 2 - E}'. — pz _|_m}2
Powssi = ) /gE (B} — u3) + F(EF + 7)) %
=Tl 2 f(E) = 1/[1 + exp(BE)]
PE.f dp 1l py—
Z / —I;%—e[ﬂs,?h], Prf—\/u —m ’”’T —’iﬂJrﬁs
=ud '?T f ‘u.:n :#_Ev

Selfconsistent densities

PF r‘ oM} aP 3 vl Py, + 1}
= f — - 2 - Ju I'.d
o fz 6””-f f B 2 Op; 7 ; / i o

J=u,d
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Relativistic density functionals for QCD (' % CASUS
" . " SYSTEMS UNDERSTANDING
String-flip model for quark matter
600
Density functional for the SFM
2/3 2 bn .
U(ﬂs, n'v) = D(nv)ns = an.,, + m s 400
Quark selfenergies E -
B, = gﬂ{nﬂ, yns /3, Quark “confinement” j -
4bn3 2bend dD(ny) , '
. v v /3 100
Byr= et 1+en2 (14 cn2)? ® on,

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

D(ny) = Do®(ny)

L
hekrh)
FUE

L
[ CELIER R

'

||

i
LRELL

i

t

W
i

Ll

)
/
il

315
PR

i

LARLERLIEEILIL L

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

i {1, if ng < ng

= == 2 .
e a{ng—no) e ; ng > ng
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D
Relativistic density functionals for QCD (' 3 CASYS

String-flip model for quark matter = 7 St ommon

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

108§ S C A (. TR . B ST T I P . - .
b — Dpp2pao o X g third family - mass twin stars
""= S00F == a=0.1 A / F | T I T | T | T I
= - -—- =02 FL I i 1 - -
> 400~ o=03 gy ] i 1
=30 Sl : 2.4 ]
%200 ] s 1
£ 100 1 2.
- é I 1
o 1 = b ]
s - ﬂ 16__ —.'
= . .
= i o - o
E | = E - J
= I s 1.2 | -
k> 1 I \ - a=0.1
g : i A = a=02 ]
W 05 o (}8— '\'-.. U.:(].ﬁ il
2 i : i = =04 ]
3 - i — DD2p40 |
E- D- 1 ] | | | I | i | I 1 ] 1 ] lolo : 11{0 lzlﬂ : I‘%IG I I.‘C;’D
200 400 600 800 1000 1200 1400 : : : 3. :

Radins [kml
E[Mvem;] wdins [km

Kaltenborn, Bastian, Blaschke, arXiv:1701.04400 —* Phys. Rev. D 96, 056024 (2017)
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>
Deconfinement as supernova engine (' CASUS

0’ CEMTER FOR ADVANCED
Of massive blue supergiant star explosions

B SYSTEMS UNDERSTANDING

3 3
= 10 = 5 T[T T [TT T T b 10 T T T T I [T
| floow constraint = _ — SUpETCVE Matter (S=3) |
; 7
- A e 10°
ey =
s 2 7 [
= i Z 10 - '
i : oL : i
10°
1 2 K|
PPsan s PP

TiT: &

— 50 M (explosion)
-— = 50 M, (tailed)
..... 12 Mo,

quark-gluon
plasma

black hole

100
\ mhhudphaﬁa I“‘._ formafion
o e Progenitor:

z M =50 M,

rh o 0.5 1.0
4 PPt time [s]
{ ~ 0 {core bource) b=t

T. Fischer et al., Nature Astronomy 2, 960 (2018)
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Ultra-heavy Nucleus-Nucleus Collisions ! 1, CASVUS

Ty ,53' CENTER FOR ADVANCED
o MO 7 SYSTEMS UNDERSTANDING

Population of the QCD phase diagram in a merger

w: 1.35 M_sun + 1.35 M_sun

104 EoS for supernova and
. merger simulations:

e CompOSE

With deconfinement:

{1

v ’ :,.,',' https://compose.obspm.fr/eos/166

(i

10"

! S. Blacker, A. Bauswein, et al.,
e (dy Phys. Rev. D 102 (2020) 123023
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>
Binary neutron star merger simulation (Cy,cASYS

S. Blacker, A. Bauswein et al., Phys. Rev. D 102 (2020) 123023

Population of the QCD phase diagram with mixed phase; time =6 ... 25 ms

p [g/cm?] Neutron star merger simulation (GSI)

- 1.000e+15

1.000e+14
- 1.000e+13
.- 1.000e+12

- 1.000e+11

Time=8.88178e-16 (ms)
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Ultra-heavy Nucleus-Nucleus Collisions !

1.4 ;
=== DD2F-SF |
—_— DD2F i postmerger
|
|
]-.2- : l“ ™ = A ""-""'--”_"-
| Bk FL A
inspiral 1} ] ]
¥ 1
1.0- iy
- |' L
et MIGRE Y e T
UE L [ LRV
T = 20 MeV
| | I. I' ]
0 D 10 15 20
t [ms]
2.5
2.04
1.5
1.0
0.59 — pp2r
-==- DD2F-SF
0.0 41— . p
10 12 14
R [km)]

(“ 1. CASUS

9’ CEMTER FOR ADVANCED
- SYSTEMS UNDERSTANDING

A. Bauswein et al.,

Strong phase transition in postmerger GW,
PRL 122 (2019) 061102; [arxiv:1809.01116]

10—2(]

DD2F-SF
—_ 2R

Hybrid star formation during NS merger
— higher densities and compacter star
— higher peak frequency of the GW

81
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D
Ultra-heavy Nucleus-Nucleus Collisions ! (',, CASUS

Signal of a deconfinement transition

120
10 3.501 i
532)'
S 19-2Ld P
210 £ 3,001
= “3
=
C ) 75 o
\‘_;: Ziifek
o122
e 1074 5
Ml 2.50 ]ll l) 1)
PR 11 12 13
-=== DD2F-3F Ry [km]
— DD2F
10728 ; , : 3 -
I 2 3 4 5
f [kHz) -

Strong deviation fromf__ — R, ; relation signals
strong phase transition in NS merger!
Complementarity of flmk from postmerger with 58

tidal deformability A, ,, from inspiral phase.

X

200 400 600 300

A. Bauswein et al., PRL 122 (2019) 061102; [arxiv:1809.01116] b =
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D
Ultra-heavy Nucleus-Nucleus Collisions ! (',t, CASUS

B SYSTEMS UNDERSTANDING
Signal of a deconfinement transition
Strong PT in postmerger GW signal, S. Blacker et al., arxiv:2006.03789, PRD102 (2020) 123023

10% 2.2 — Ld— =
T =10, 8 — equilibrium = . —  DF-SF- gmtmn.'rrgc_r._ o
2.04 & |—mwaa A AL
m 1.74 — porsRa i¥ Fa
% b [ v S |
—— DD2F — 1.84 — pooF < s i :
—— DD2F-SF-1 ~ ~—— DD2F-SF-1 0 oy T
===- DD2F-SF-2 = ==== DD2F-SF-2 = d— nmrses
— DD2F-5F-3 = 169 — pporsrs E, 18
-==- DD2F-SF-1 ---- DD2F-5F-4 " i
1035 - DD2F-SF-5 1.44 DD2F-SF-5 E ingpiral
—— DD2F-SF-6 —— DD2F-3F-6 0.5
—— DD2F-SF-7 {9 — DD2FSRT
6 % 107 T 3 % 101 10 ) 12 0 g 10 15 20)
p lg/cm?] R [km] t [ms]
I F w 11T M, = 11- w 135135 M., = s LA-14 M,
" W 15130 M, :.;"_ i W Ld-14 M 5 w 1515 M.
£ z " = 10
o & = g =
5 = i 04
¥ 7 = B =z
- b uf 54
- T 7 1 T
- == -
E- L) L] L] L] lE- L] T T T ‘1 L) L) L) L) T
710 1000 E= 11 00 3 BOO Tal 1000 1250 00 {0 S0 % 1] L9101}
A & A

Dominant postmerger frequency flmlk vs. tidal deformability A, .. from inspiral phase:

Results from hybrid models appear as outliers of the grey band (maximal deviation of purely
hadronic models from a least squares fit) = signalling a strong phase transition in NS !
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Ultra-heavy Nucleus-Nucleus Collisions !

Signal of a deconfinement transition
Merger of hybrid stars with early phase transition: Bauswein & Blacker, EPJ ST 229 (2020)

25
2.0+
S
S 1.5
E 1\"11::-11515*55
5
=" 1.0
— DD2-SF-A
0.54 — DD2sFB
_— D2
10 12 14
R [km]

>

Chel

CASUS

CEMTER FOR ADVANCED
SYSTEMS UNDERSTANDING

® “\\ X  hadronic models
404  hybrid merger 4 ppor.SF models
] ® DD2-SF models
= *-
N
e 3.5
=4, + \ hadronic inspiral
e PT after merger
=+§; 3.0-
2.51 No PT 7
250 500 750 1000 1250
A1.35

The combination of stiff hadronic EoS (DD2) and string-flip (SF) model allows for early onset
of deconfinement in low-mass neutron stars and even third-family solutions (mass twins).
For these cases, the event GW170817 could have been a merger of two hybrid stars!
Also in these cases (red dots in above figure) a significant deviation from the grey band of

Purely hadronic star mergers without a phase transition is obtained!
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