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Uncover the Phase Diagram of Dense QCD (',, CASUS

Neutron Star Astrophysics & Exotic Hadrons
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Uncover the Phase Diagram of Dense QCD (',, CASUS

Neutron Star Astrophysics & H(S)exaquarks
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There is a 1:1 correspondence EOS < M(R)
Tolman-Oppenheimer-Volkoff (TOV) equations

Einstein equations

G =87G T,y

Non-rotating, spherical masses — Schwarzschild

Metrics IM

dS? = —(]_ — T)dtﬂ -+ (]. — T)_ld'?j —+ ngﬂg

Tolman-Oppenheimer-Volkoff egs.*) 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
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Neutron star phenomenology from TOV eqgns.

P N
1. CASUS
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There is a 1:1 correspondence EOS P(¢)<M(R)

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

1. CASUS
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Realistic hadronic EOS (with strange baryons)

Tension with modern multi-messenger observations by LVC and NICER
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1+

' 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
fulfills both constraints !!

LHS PK1

e DDh2
RMF201 = NL3wp

PEDD

NL3 S271v6 DD-PC1
Hyhrid s O FEVW
T™2 DD-LZ1 PC-PEL

NLEV1 — 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

Yo 1T 12 13 1
Sun, Miao, Sun, Li, ApJ 942 (2023) 55, R (]{]11)
arXiv:2205.10631 [astro-ph_HE]

—— NL3wp 1974 DD2 1935

15 16 DDLZ1 1.989 PKDD 1.781
DD-ME2 1.971 HC 1828
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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=1 . i
= 1 Yamamoto et al., Phys Rev.C 96 (2017) 06580,
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L — =
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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

Qe andl Ly, allowed by yEFT and maximum mass constraints are [\ UG EELER= TR L EHEER L)
indicated in the figures. to the line M = 2.0 M_sun
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“Berlin wall” constraint for neutron stars

Realistic hadronic EOS (with strange baryons)
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Y. Yamamoto, H. Togashi, T. Tamagawa, T. Furumoto, N. Yasutake, T. Rijken, PRC 96 (2017)

CASUS

Short-range multi-pomeron exchange potential (MPP)
added to AV18 potential gives significant improvement
of large-angle scattering cross section (s.a.) and the
Nuclear saturation properties, when compared to APR.
— Neutron star radii R(IM< 2 M_sun) > 12 km !!
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Breaking the “Berlin wall” constraint L CASUS

With Bayesian analyses and hybrid EOS

Neutron star EoS constraint from pQCD

Consistency check for neutron star EoS from

rl ; the CompOSE library |
pQCD ] -
excluded by Pt
Integral  pQCD 2] )\ = Consistent
n. constraints \ —— Intension
E 1000¢ Causality ‘ 3 " e Not consistent
= constraints Y i 3 |
o 100: 1o ) Causality - N
= constraints ] N 20 _
% ' Integral -_ 15 7
& constraints &
10 ; e 10 o
o 0.5
/C_E.T N R . N NS ] * 0.0
500 1000 5000 104 2 05 00
2 5 0 ) 1.0 :
Energy density € [MvemS] 20 12 p[Gewfm’l

Result: Not all EoS fulfill the consistency check with
pQCD asymptotics! pQCD important for NS!

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

- - David Blaschke - Hadrons with Strangeness and Charm in Dense Matter | 11




Breaking the “Berlin wall” constraint Cycnsys
With Bayesian analyses and hybrid EOS

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

Roépke, Blaschke, Scuz, PRD34 (198) 3499
= q X ‘
Z= /DEDQEXP f dT/ @z [Log + qroiq] p » 4= (q: ) = diag(pu, pa)
0 Vv

L '/ - " :
Lei = Liee 1U(39,0709)|s Lige = G (—"mg +15-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(ns's n ) + (qu —n )Es +(@T[}q = nv)Ev g T

aU (qq, 470q) dU (ns, ny)
<qu) = Nz = nsf —-'—l.ﬂz E — — :
I=Zu.d fzud e 0(a9)  |zg=n, Ong
T a aU q 7 aU 8 v
@’T{JQ) = N, = Z n-vﬁf = Fa_lnz EV = (q{_L Q'ﬂ]@') — (n B )
f=u.d f=u,d 1y 6(QWGQ) Gr0q="y an*v

= f'DEDq exXp {Squasi[‘i Q] o= }Bve[nss nv]} s 8[”51“\:] = U(nss nv) = Eans s Evnv

Squasi[é:ﬂ] — ﬁzzq_c_l(wﬂwﬁ)Q$ Gul(w'ngﬁ’) = '}‘D(_iwn_}_ﬁt)_;ﬁ'ﬁ n’
n P
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Relativistic density functionals for QCD ('3, CASVUS

CENTER FOR ADVANCED
SYSTEMS UNDERSTANDING
| =

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

2y = /'Dq‘Dq exp {Squasi[q; q]} = det[BG], Indet A = Trin A
Pl = %1[1 L = VTI]H[BG" ] “no sea” approximation ...
Tln 1 g Py ]+Tln [1 1 e BB} +.u;}}}
f—u d
Ll . o E} = /p* +mj’
Pquasi: Z /EE* [f(Ef_p’f)'f'f(Ef-l_P'f)] \/
f=u,d f f(E) =1/[1 + exp(BE)]
PF.f 4 A
Z / d—g%—@[ng,?h], pr;—\/,u —m m* = m+ X,
—u.d T f ﬁ'* — ﬁ}’ - EV

Selfconsistent densities

PP r‘ oM OP F‘“f pt +pd
== _ E I o= E : E: / . F,u Pd
e am.f f E;’ Opy m?

f=ud _f w,d
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Relativistic density functionals for QCD (' ), SASYS
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Relativistic density functionals for QCD (' ), cASUS

String-flip model for quark matter pd e

Results for 1st order phase transition by Maxwell construction with DD2p40
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Kaltenborn, Bastian, Blaschke, arXiv:1701.04400 —* Phys. Rev. D 96, 056024 (2017)
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Deconfinement as supernova engine (' CASVUS

0’ CEMTER FOR ADVANCED
Of massive blue supergiant star explosions

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

M [M,

[/

P Filoe https://compose.obspm.fr/eos/166
. .. * .
® ., 0
0t o W
EE ® " .'._-::‘
i ticomp
10-*
! S. Blacker, A. Bauswein, et al.,
- 0 Phys. Rev. D 102 (2020) 123023
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Binary neutron star merger simulation ('t CASUS

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

R ——
Time=8.88178e-16 (ms)

http://ift.uni.wroc.pl/~blaschke/grant_opus17.html
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Ultra-heavy Nucleus-Nucleus Collisions !

1.4 :
-==- DD2F-SF |
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=D
(' J CASVUS

B SYSTEMS UNDERSTANDING

A. Bauswein et al.,

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

10—%1

DD2F-SF
—_ 2R

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

20
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Ultra-heavy Nucleus-Nucleus Collisions ! (',, CASUS

Signal of a deconfinement transition

1—20
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Strong deviation fromf__ — R, ; relation signals
strong phase transition in NS merger!
Complementarity of f__, from postmerger with 584

tidal deformability A, . from inspiral phase.

X
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A. Bauswein et al., PRL 122 (2019) 061102; [arxiv:1809.01116] b =
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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 — LAT——c
T =0, 8 — equilibrium 5 : it gmtmnrga:_r__ P
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‘g 1.2{ — powsea |
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0 F w117 M, = 11- w 135135 M., =
e W 151305 M, v - 3 W o P14 M it
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== e e
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- i i
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E- L) L] L] L] lE- L] L) T L] ‘1 L) L) L) L) L]
B0 1000 L5 2000 2 B0 ol 1md 1250 00 40 00 8O0 (L2 1)
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Dominant postmerger frequency flmk 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 ! (',J CASUS

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

2.5 ~
h“f-» X  hadronic models
i 4.09 hiilﬂj“”gef + DD2F-SF models
. ] ® DD2-SF models
= = 3.5 %
=, L5 M =4, + \ hadronic inspiral
%3 P E PT after merger
=" 1.0+ 23.0-
— DD2-SF-A
0.54 — DD2-SF-B | /
10 12 14 250 500 750 1000 1250
R [km] 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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Ultra-heavy Nucleus-Nucleus Coll

D
isions ! Cychnsys

- SYSTEMS UNDERSTANDING

EoS constraint from threshold binary mass
Mmax Of nonrotating NS from binary mergers: A. Bauswein et al., PRL 125 (2020) 141103

Mypay = 1.97My 20M,  2.1M,

450
. M,
1220,
400- - ‘ ,,/ . - o
‘0 s ®
FS“: /’ s 27 e
= 7 Py » o
L 3504 o e I
8 = ; .
% ) k a P
- <3000 LT 8
S| £ < | 2 Y
B0, 2 e ®
400 350 200 : 30 3.2 [ \ ( :. hadronic and hybrid
/I ' 250 200 28 \hﬁ © 2004 @ ’I" - e |.
thres M 2.8 3.0 39 3.4

j\Viirma,}-:(j\"jrthres: j\thres) = @ﬂ’{tl1res + bﬁthres T

a =0.632, b = —0.002 Mg and ¢ = 0.802 Mg

A'{thres [A[G)}

Athres > 488( Monres /Mg ) —1050

— strong evidence for a phase trans.
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Relativistic density functional for quark matter (',t, CASUS

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+0)(ga)} - (39)? - (@79)°)°
(motivated by String Flip Model, y-dynamics, quark " confinement”)
@ Vector-isoscalar interaction channel
Ly = —Gy(q1uq)?
(motivated by gluon exchange, stiff EoS needed to reach 2M,;)
@ Vector-isovector interaction channel
L) = —G(qvuTq)’
(motivated by gluon exchange, isospin sensitive interaction)

e Diquark interaction channel

Lp=Gp Y (Tism22aq°) (T isT2AA0)
A=257
(motivated by Cooper theorem, color superconductivity)

- - David Blaschke - Hadrons with Strangeness and Charm in Dense Matter 25




D
Relativistic density functional for quark matter {_), €ASYS

What is new?

B SYSTEMS UNDERSTANDING

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

Interaction 1/ = Do [(1+a)(qa)§ - (74)* - (7i750)?]”

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

e Dimensionality

U] = energy*

] = esergy® = [Do]y=1/3 = energy? = [string tension]

self energy = string tension x separation = | confinement

- - David Blaschke - Hadrons with Strangeness and Charm in Dense Matter 26
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Expansion around mean fields

B SYSTEMS UNDERSTANDING

N

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

0th order 1st ;der 2nd :urrder
L'l_-' L ]
GS = GPS |
i -' A-restored
@ Mean-field scalar self-energy ] G % G phase
i - X-broken
OUmMF 4 phase
Y§= o |
9(qq)

o Effective medium dependent couplings

1 Uy 1 O?UyE i
G ___6_ 9 GPS___d .y 2 —_— O HB:D
2 0(qq) 6 9(qiT5q) I |
1] ] 100 150 200 250

David Blaschke - Hadrons with Strangeness and Charm in Dense Matter
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Comparison to Nambu—Jona-Lasinio model
L=4(i#— (m+Xs) )q+ Gs(qq)’ + Gps (qiTysq)° + -+ Lv + Lp
N, e’

effective mass m*

e Similarities:

1500 .
- current-current interaction ' e s
. - == @m=0.50 -1
- (pseudo)scalar, vector, diquark, ... channels — - @=100 ]
e @=143 ]
- SFM
@ Differences:
. 2 ’ 900 ¢ ]
- high m* at low T, = “confinement” E |
= ;o 2GD Eﬁm 9
(99) = (@q)o = m* =m - 2/3 |74\ 1/3 &
3a2/3(qq), o
I 0l ‘
m"—soc0ata—0 b RN e
0.8 1

- medium dependent couplings:

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

- - David Blaschke - Hadrons with Strangeness and Charm in Dense Matter 28
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=y CENTER FOR ADVANCED

Model setup — parameter fixing with observables

o (Pseudo)scalar interaction channels é""-w\ —
1250 — M,
" i — %
(chiral condensate & 7, o mesons) :
“m::——ﬂ———___ \5
i |
m [MeV] | A [MeV] a DoA—2 gmg '
42 573 1.43 1.39 =
M, [MeV] | F. [MeV] | M, [MeV] | (INe [MeV] "
140 92 980 -267 st \
Pseudocritical temperature W e
T. = 163 MeV o low T:  2mgyark > Mz, M,

(stable mesons, confined quarks)

e high T: 2mgya < Myr, M,
(unstable mesons, deconfined quarks)

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

M, =783 MeV = ny = &0 = 0452, M, =T775MeV = 5 = & = 0.454

e Diquark pairing channel (Fierz transformation) 7p = g—gg = 1.5ny = 0.678

- - David Blaschke - Hadrons with Strangeness and Charm in Dense Matter | 2
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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 Mzp = M,y

1000 ¢
1000 £ g,
Miller et al.. L Hebeler et al..
Hebeler et al., 1 ;
100 | S
100 | = | i
€ & |
= > il
> 2 |
= ' =
] 10 -
10+ i
, M, = 600 MeV : M, = 800 MeV
| g DD2npY-T ! —  DDZnpY-1
Pl e (0,200, 0.610)
—-—= (0.260,0.710) = e ok
o {22‘;2 g;?g; — - (0.255,0650)
g —_—- 330, 0.75 Krigeretal, |
b Kriiger eval., Helis (0.370,0.770) il B! (0.290, 0.670)
100 1000 100 1000
-3

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

- - David Blaschke - Hadrons with Strangeness and Charm in Dense Matter 30
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Speed of sound

CASUS

0’ CENTER FOR ADVANCED
- SYSTEMS UNDERSTANDING

.......
-----
.............

--------
......
______

- — — .
—— b

M, = 800 MeV

05 0§ i tNve ' .
i T
ey S Wi
--"""'-:‘ e ——ttue,
--"'---:_-;-._H :“‘1..
04 T
b 03 I i =
Pl
|5
i
E 1
0.2 k2l 1
: i | I
kil M, = 600 MeV
El o) —— DD2npY-T
0.1 E il ———= [0.260,0.710)
S ~ = = [0.290,0.730)
|§ I ] — = [0.330,0.750)
’ R (0.370, 0.770)
100 1000 10"
£ [MeV fm™|

DD2npY-T
(0.200, 0.610)7
(0.225, 0.630)
(0.255, 0.650)
(0.290, 0.670)

| 1000
e [MeV fm™]

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

10*
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Mass-radius diagram for hybrid neutron stars

2.5 T T 2.5 T T T
L ______bi!f:ER [07A0+6620  NICER J074046620 NI{_‘.E!H[I?am-rﬁﬁZIJ NICER JOT40+ 6620 -
F 10348+0482 . \Rierctgl, jiiiecet al., 10348+ 0432 ) Riley et al, Miller et al.,
- Amtonladis et al., Antoniadis et al,, "
2k A : 2 3
1 5 NICER JOOB0+045) 2 NICER JO030+045]
"GW 170817 excluded Miller eralgs Miller galf
Bauswein et al, . B Rauswein et al = N
1.5 .- 1.5
- IGW170817 3 |GW 170817 :
s |Abbott et al., BRG] 70817 excluded- S | Abbott et al., W 170817 excluded-
— L Annaia et al., — L Annala et al,,
= . st |
. __:\'IC[H JO030+0451 . ,'__J".'!('.IER JO030+0451 i
| Raaijmakers et al, | Raaijmakers et al.,
M, = 600 MeV M,= 800 MeV | %
0.5 DD2npY-T 0.5|—— DD2npY-T
—-—-  (0.260, 0.710) —-—=  (0.200,0.510)
=== (0.290,0.730 - == (0,225, 0.630)
— = (0.330, 0.750) - = (0.255, 0.650)
0 (0,370, 0.770) . o o 0 e (0.290, 0.670) o s
i 10 12 14 16 4 10 12 14 16
R [km] R [km]

Observational data prefer early deconfinement?
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Special point (SP) in the mass-radius diagram
for hybrid neutron stars

@ Quark EoS 2.0

¢ 4B -

P=373 o

B - bag constant gm 1.0

=
e Variation of B 05l
4

i . 0.0 & : 1 . 1 F 1 : I ; 1 ; 1 .
family of hybrid quark-hadron Eo 6 7 g 9 10 11 12 13

R, km

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

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

- - David Blaschke - Hadrons with Strangeness and Charm in Dense Matter
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B SYSTEMS UNDERSTANDING

SP in M-R diagram for hybrid neutron stars

3.0

e Weak sensitivity to hadron EoS s |

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

GW 170817 excluded

Y s
{Bauswein ot al.) 170817 excluded

nnala et al.}

1.0 1

e Weak sensitivity to details of .
quark-to-hadron transition

0.0

M. Cierniak and D. Blaschke, Astron. Nachr. 342, 819-825 (2021) R [km]

25 GW 190814
2.0 S | ssmsoranenn

GW 170817 excluded o b
. . iy {Bauswein e al.) ﬂsﬂ '- .__4.0451
e Sensitivity to quark EoS only 215 Bt
= QT

U, 1.0

—— DD2p40

0.5 # special point

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

- - David Blaschke - Hadrons with Strangeness and Charm in Dense Matter
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CENTER FOR ADVANCED

SYSTEMS UNDERSTANDING

SP in M-R diagram for hybrid neutron stars

25

e Variation of np at fixed ny

Y
Special point

M [Mo]

@ SPs are equidistant

@ M, ,.x and M,,se: are anticorrelated

0.5

Mmax
MDI‘ISEt

— observationally constrained

Is it possible to constrain

1.5
(GW 170817 ™ “tsme

-Abbott et al”

I T T T I
" PSR JO740+6620 ...
I Fonseca et al., w“"ﬁ‘- Mclgrim‘:ﬂa*ﬁféﬁ-
a 5‘ '-‘t-‘- ey eCal, . J
| j0348+0432 N
A!ll(l!llddl& (.l .J.I -

— controlled by nv, 1p 0!

David Blaschke -

12 14 16

Hadrons with Strangeness and Charm in Dense Matter
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B SYSTEMS UNDERSTANDOING
SP in M-R diagram for hybrid neutron stars

@ No vacuum color-superconductivity os . \\w —
np < 0.78 \ N\
i

v o 3

Vj 2 B
0. Ivanytskyi, D. Blaschke, PRD (2022) 0.4 R N
¢ B 25

+0.07 > N

'. =

Q Mmax — 2 08 0. 07M® = /" “'J% \\\\ %'a
\ % £

E. Fonseca et al., Astrophys. J. Lett. 915, L12 (2021) = \ s £

e rog \ = 8

@ Not too early deconfinement RAMRTIIHHuw NN S
0.25 - - max>;2 01 Me §_

F \ l .._-'--‘- ;! e@? 3 \ 4

Nonset ~ Nsaturation W M, <Z.01 M, \&

*3.65 : 0.75 0.8

Mp

e Stability of the quark branch M, =783 MeV = ny = 0.452

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

CASUS
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25 0.5
'PSRJ0740+6620 ... i e 1
- Fonsecaetal., %‘Q\J]thlm'w‘fﬁ
| : e R Skt ’.:-:.‘.".".‘ l';ge" &f'é']_',""-..
:3_“, --.i‘_.?‘ . Ts ‘ Gs.’u 0-45 =
2 - ) VR R L Joranea g
| J0348+0432 YA tal, =
| Antoniadis etal., ¢ 9 8_
GW 170817 excluded : _ [o]
t' >_
_ e\ XeR 0.4 o S
- . A .", -9 >
- 1.5 o LA STo =ty
S [GWI70817". o hid’ o>
2 rAbbott et al, ?] = o 'a_
e L '_.,.-’ :.' __.'_. , .: : @ :
z g o< T
BITS | g £
]_ — e, =, 2 . 0 Qo
3S 5 &
Bt 0.3 K g
i =
7]
L_
0.5F =
0.25 g
0_ | | | 0.2 ; :\1 L
8 10 12 14 16 0.65 0.8
R [km]
p— * K . — . * _ =
h&max — MSP —|— 6 |MDDSEt i W Monset‘ h{lSP = kMSP77V —|— bMSP ) 6 — kﬁ UV —|_ b6 ) Monset =" ]_.2!_)4: M@

C. Gartlein et al., Phys. Rev. D 108 (2023) 114028, arXiv:2301.10765v2
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Phase diagram with two-zone interpolation

100

@ Normal quark matter 80 e
s/ng= 15 2 7
2 spin x 2 flavor x 3 color =12 = S
| 7
e 2SC quark matter _ 60 il st
> | Zs/n=1.0
2 spin x 2 flavor x 1 color+1=5 3=
= Quarks -

Quark pairing reduces -~ _

number of quark states s/ng=0.5

4 20 n*=0.15fm™ -
2 " B ] e cEREENT | — nh.q I ]
requires higher T . “E'QI“"
along adiabat ng .
U" i i i 5 5
0.6 0.8

g [fﬂ'l&]
— EOS tables are prepared for simulation of supernovae and NS mergers
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A compact, stable 3-diquark state as dark matter particle - -
/,/,-—n:-__#;:-——-.h\ﬁ\ g —
/ / N / A / N
/ \ v / | %
o2 (O NS
\\ \\ O /’ \\ u /; / \\ /l
N\ ~__" ~__" v \E-__.’/
H-dibaryon ~ A/A molecule Light, compact sexaquark ~ 3 diquark state
M H~2M A M_S~1800... 2054 MeV<M A+M p+M_e

G. Farrar and N. Wintergerst, JHEP 12 (2023) 099
Wave function of a spatially symmetric, six-quark color-flavor-spin-singlet state
Only 1/5 di-baryon molecule (AA, N=, 2%), but 4/5 color octet baryons

F. Buccella, PoS (CORFU2019) 024

Three-diquark state including chromomagnetic & -electric interactions
M_S = 1883 MeV

- - David Blaschke - Hadrons with Strangeness and Charm in Dense Matter 39
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The case for a light sexaquark S(uuddss)
A compact, stable 3-diquark state as dark matter particle

pow@ 4 CENTER FOR ADVANCED
B SYSTEMS UNDERSTANDING

Within a thermal statistical model for S
abundances at the hadronisation transition A LA
(T fo=T c=156.5 MeV) one obtains the
Dark matter fraction dependingon M_S

L

160 -

T fo |
[MeV

] 150 L

QDM/Qb = o0 = 0.1

and

T fo = 156.5 MeV

140 -

requires

M_S ~ 1800 MeV

David Blaschke - Hadrons with Strangeness and Charm in Dense Matter
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Light sexaquark production at LHC

SYSTEMS UNDERSTANDING

| =
9 T T T T T L T L T
© [ R=0fm R=04fm 1 Estimates within a
o [ s/d ] o
F —m—= m——— S/ _..---1 thermal statistical model for
20 M;=1700Mev et 7
T M_S = 1700 MeV
1~
= -___|-=-__|_-:-_|—_-:|-___-'_|_—__:|__ ;__I.-_— -_- And
140 145 150 155 160 165 170 175 180
T IMeV1
(@] L L L L T rrrTT T
% [ R=0fm R=04fm 1 M_S = 1950 MeV
& S [ Sid b
0.6 .
e ——— S/Q et -
[ M,=1950MeV .o ]
e 1 D. Blaschke et al.
02:_" 1 (S. Kabana, K. Bugaev, O. Vitiuk,
L] G. Farrar, ...),
T e e e It J. Mod. Phys. A 36 (2020) 25
T [MeV]
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- SYSTEMS UNDERSTANDING
—~_d ]
u |Tt L 205 pHe 5 SKK'T +++
— [ | —— expected signal
p u 8 1803 total background + + + ++
il © 160 no p/d + N +
_ K+ 8 | prd + K+ Na +
T | s 140 | o no pid + K + N ++
] g 120:_ S mass 1.89 GeV/c* + + +
— -2} =] F_ Branching e 10
P Ty o 100: ranching ++ +
d 80 + 4
g 60 + +
40
Pl —Tu 20F-
u 0_ —— :
1.6 1.8 2 2.2 24
d
Missing mass (GeV/c?)
nl —-d pHeSK'K'm
u &
. et . 107
Fig. 1 Quark rearrangement and annihilation graph for the formation
of a uuddss sexaquark state in p— He annihilations. S denotes the
putative S(uuddss) sexaquark state 50
—l_'-'_.-'_- -L‘_l—-
107 =i bics
— e e
1 0—9 =

1 1 1 I1I2I 1 |1‘4| 1 I1‘6| 1 |1.8I 1 1 2 1 1 I2'2| 1 |2'4| 1 |2.6
mg (GeV/c?)

M. Doser, G. Farrar and G. Kornakov,
Eur. Phys. J. C 83 (2023) 1149
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Light sexaquark — Dilemma for Neutron Stars ? ('t

Problem: Sexaquark Bose-Einstein condensation

LY e 7
= (a) PN
1. Solution: density-dependent mass 3200022 Bha 5
— 3000 =l —
nb B - B
#® Y L m, = | 885 MeV, x=003 ]
mg(np, Tg) = ms (1 + Iﬂgﬂ) 2 sponf = 3o 7
- o 2600 i -
ng dU; For all baryons i from E 5 I o
i = . 2 2400 —
T my; dng Density-dependent = | -
(optical) potential U i 22001 ]
0.2_ T | T | T | T | T ] 2%0 _
- i | | | L
- : B0 =02 04 06 03 1
- 10— I | I
0.1 = F (b)
] 10’
= 0.0 = _
: £
4 =y 1
] 210F ;
-0.1 — =k e DDZYTHS, e
4 o i . DD2Y-T45 g, x=0
] 10°F Eiiiilﬁ,::fiiﬁi E
i i | | i | i | E DDIZY-T+5 ,  x=0.05 E
0-30 0.2 0.4 0.6 0.8 1.0 : S i 7]
-3 - 1885 -
nh [fm ] -1 1 I 1 | 1 I 1
1000 02 04 06 08 1.0
M. Shahrbaf et al., PRD 105, 103005 n [fm”]
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Problem: Sexaquark Bose-Einstein condensation

SYSTEMS UNDERSTANDING

1. Solution: density-dependent mass » M_max < Tidal deformab. Lambda

— —— DEIY-T4E,, w008 |

DOTY- TS gy Stk ]
— —— DOEY-TeE,,, =005

F DOTY-T4S, 5, 5=005 o

F — —— DORY-TSS,,, 3003 -
0.5 DOTY-ToS, w3 —

- DOOY-T48,,,, w=0 =

——— DOIY-T
———  DOTY-T:E =008 7

— DOTY-Tsl 8
———  DORY-Tafyy 0S|
—  DOZY-TaS, g x=008
———  DOZY-TaS, =008
—_— mz\'.?..s_paos
DOY-Tabgy o=l

06 08 1
n, [fm”]

— OD2

— DDIY-T

—— DDIYV-F4E . 5=005 ]
— DDIY-T4S o B={0E

1%l
— ODTYTaS 3=l

—— DDIY-F4E o, o=k

- ] | |
v 200 400 600 L{i]
A
1
| | : |
(b) — DDz 3
— DE2Y-T

—— DDZY-Taf g x=003 ]
—— DOR¥-TeS, t=00
—— DOZY-T#8,g, A=l
— DDIV-TSS,, 3=005
—— DOR¥-Tel g, 1=008 ]

—_— IIJ]'I'-T-I-E'HI R=llH o

5 2 ' 5

0,200

010

(1400
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= FulrH Y| ."I'“_l_ LE h.'llr

.10 | P e s o P Loy 11 ! -\_\-"‘--\_._\_ =
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Constraint on
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M. Shahrbaf et al., PRD 105, 103005
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Problem: Sexaquark Bose-Einstein condensation
1. Solution: density-dependent mass and quark deconfinement !!

2!5 g I 1 I y I T I T ‘ I X I ] I T T t I X [ I | H [ T 2000 T T T T
B {;11 1?1.'!!5. B T E?if:ﬂ‘rs'j T (a)
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- r 1 ‘ 11 oo
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L e | . . UM .\ \\ 2
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Problem: Sexaquark Bose-Einstein condensation

1. Solution: density-dependent mass and quark deconfinement !!

4

10°E
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= . P
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multi- Tegion -
Hehé]gro 3:1?20@‘)

= MC'SEBSS-G
—— MCS,, T

- MCSc8
- MCS,, 9

RIC-A-]
RIC-A-2
RIC-A-3

- RIC-B-1

RIC-C-1

RIC-C-2

Do2Y-T

multi- Tegion -
Miller ell}.a].( 19?

(b) — i\fIC-S

@

0.8

0.6

c: [c’]

04

02

kY

e et e i)

e [MeV fin"|

10°

0 o 500 1000
e [MeV fm”]

M. Shahrbaf et al., PRD 105, 103005
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Light sexaquark — Dilemma for Neutron Stars ?

Problem: Sexaquark Bose-Einstein condensation
2. Solution: BEC of S triggers early deconfinement to CFL quark matter

50

u’ T aodn u i —"——— TR
# “ g (0.5, 2.0) oy L
'c y ‘i\ \ ——— 9,20 ; | §
i / }\\ : L | — — (15,20 P . s
l‘ " i i A0 | sweenens (2.0, 2.0) : | j: -
“ S d i i ol ;1
\\li -\ ,/- l,’ I ;
) T S | !
N AR K4 e i
AY 7 "."'E ank | j' 2
‘*.S -" Bt ; J:
50_' R ) I o TR 1 O I T e Ve - I "
----- {0.5, 2.0) Fa E I I | i
| o 2D A = ok : . ; 5
Fl=—— (520 Pl o £ jl I
A0 | renmecsnnns (2.0,2.00 & 4 - | "
I fo74 [ : ]
[ - i = !
— B ',f 4 4 b
- F - -
B iy 0} _
s | YAl o
E. 23- ;'f;’:f:'...
S # ]
L M( 1] _._.=-'r‘£ l ] ] ]
i 0 0.1 0.2 0.3 0.4 0.5 0.6
10 1 n, [fm™]
%0 973 1000 1025 1050 1075 100 .
i, [MeV] D. Blaschke et al., arXiv:2202.05061

David Blaschke - Hadrons with Strangeness and Charm in Dense Matter | 47



Light sexaquark — Dilemma for Neutron Stars ? {_),€ASYS

L 4 CENTER FOR ADVANCED
B SYSTEMS UNDERSTANDING

Problem: Sexaquark Bose-Einstein condensation
2. Solution: BEC of S triggers early deconfinement to CFL quark matter
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Light sexaquark in NS: BEC-BSC crossover ? _ ), CASUS
B SYSTEMS UNDERSTANDING
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/ 1 . .
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Light sexaquark in NS: BEC-BSC crossover ? 3, CASYS

B SYSTEMS UNDERSTANDING

BEC -» BCS crossover:
diquark Cooper triples !

(Efimov states?)
D. Blaschke et al., arXiv:2202.05061

B. Mahato et al.,

,bensity-induced hadron-quark
crossover via the formation of
diquark Cooper triples

Replacement:
triplet quarks
- antitriplet diquarks

Vs

T3(0)) = EACTIOVY
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QCD Phase Diagram (- Ay
Landscape of our investigations
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Hexaquark d*(2380) - Another Dilemma for NS? (' )

CASUS

CENTER FOR ADVANCED
SYSTEMS UNDERSTANDING

Problem: Hexaquark Bose-Einstein condensation

1. Solution: Onset of BEC only at high NS masses
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CENTER FOR ADVANCED
SYSTEMS UNDERSTANDING

D
Hexaquark d*(2380) - Another Dilemma for NS? ('3, CASVUS

Problem: Hexaquark Bose-Einstein condensation
2. Solution: d* hexaquark BEC triggers crossover to 2SC quark matter in NS

Interesting scenario ... not yet realised!
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D
Hexaquark d*(2380) — Another Dilemma for NS? (',1, CASVUS

CENTER FOR ADVANCED
SYSTEMS UNDERSTANDING

Problem: Hexaquark Bose-Einstein condensation
2. Solution: d* hexaquark BEC triggers crossover to 2SC quark matter in NS

Interesting scenario ... not yet realised!

Charmed Hexaquark H(ucsddd) — Another Dilemma for NS?

No!

Since d*(2380) surely exists and H(ucsddd) has to be heavier, its
appearance in neutron stars is circumvented by either S or d*
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D
Conclusion: (‘. CASVUS

9’ CEMTER FOR ADVANCED
- SYSTEMS UNDERSTANDING

Exotic dibaryon states trigger the deconfinement transition
InN neutron stars

The pA (and p-barA) collisions at SIS100 can find them

T | RHIC.LHC RHIC (BES 1,Il)
A Lattice SPS, FAIR, NICA B Y.=0]-06
~ /| JPARC HIAF.. 2

supernovaet

ngcore - ;_3na nBcnrc = |=l onu
T =10-50 MeV

e e

saturation density

ng = 0.16 fm-3
( = density of a nucleus )
Hg
My, Neutron stars
ngee™® = 1-10n, QCD+EW

Figure from T. Kojo arXiv:1912.05326 [nucl-th]
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Group photo in the Oratorium Marianum Hall

CPOD 2016 Conference, University of Wroclaw
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