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Pressure (MeV fm™)

Evidence for quark-matter cores in

massive neutron stars

Eemeli Annala, Tyler Gorda, Aleksi Kurkela, Joonas Nattila, Aleksi Vuorinen, Nature (2020)
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A massive, 2 M_sun neutron star with 12 km radius shall have a 6.5 km quark matter core,

when quark matter is defined to have a subconformal EoS (c_s”*2 < 1/3) down to energy

densities at a switch point to nuclear matter described by chiral effective theory (CET) which

can be at 2n_0 or even lower.

Caveats: - quark matter can have c¢_s*2 > 1/3 (CFL phase)
- for a true (1% order) phase transition c_s*2 =0
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s shall have a 6.5 km quark matter core,

when quark matter is defined to have a subconformal-E0S (c_s”*2 < 1/3) down to energy

densities at a switch point to nuclear matter described by

can be at 2n_0 or even lower.

iral effective theory (CET) which

Caveats: - quark matter can have c¢_s*2 > 1/3 (CFL phase) Th IS Tal
- for a true (1% order) phase transition c_s*2 =0



Compact stars and black holes in
Einstein's General Relativity theory

F a B
e o)) Space-Time
£ »

Massive objects curve the Space-Time

Non-rotating, spherical masses — Schwarzschild Metrics

. 2M. ., 2M . o
ds* = —(1 — =—=)dt* + (1 — ) Ldr? + r2dQ°
| - . .

r
Einstein eqs. — Tolman-Oppenheimer-Volkoff egs.*)
For structure and stability of compact stars

dP(r) _ _mr)e(r) [

dr

Newtonian case x

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



The 1:1 relation P(¢) & M( R ) via TOV

Simple examples™)
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Free neutrons: Oppenheimer & Volkoff, Phys. Rev. 55 (1939) 374
NLW (nonlinear Walecka) model: N. K. Glendenning, Compact Stars (Springer, 2000)
SQM (strange quark matter): P. Haensel, J. L. Zdunik, R. Schaeffer, A&A 160 (1986) 121

*) curtesy: Konstantin Maslov
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The 1:1 relation P(¢) & M( R ) via TOV

Equation of State from Mass and Radius observations *)
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A. W. Steiner, J. M. Lattimer, E. F. Brown, Astrophys. J. 722 (2010) 33
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*) caution with radius measurements from burst sources




Neutron star mass measurements
with binary radio pulsars

MSP with period P=3.15 ms PSR J1614-2230

Demorest et al., Nature (2010)
Pb =8.68 d, e=0.00000130(4)

Inclination angle = 89.17(2) degrees !

Precise masses derived from
Shapiro delay only:

Mp — 19?{‘{” M-E:.

Mc = Uﬁﬂ[]ﬁ}} Me
Update [Fonseca et al. (2016)]

Mp = 1.928(17) Me

Update [Arzoumanian et al. (2018)]
Mp = 1.908(16) Mo



PSR J1614-2230

A precise AND large mass measurement

Shapiro delay:




Neutron star mass measurements
with Shapiro delay — new record

MSP with period P=2.88 ms PSR J0740+6620
Cromartie et al., arXiv:1904.06759
Pb = 4.7669 d, e=0.00000507(4) Nature Astron. 7 (2020) 72

Inclination angle = 87.35 degrees !

Precise mass derived from
Shapiro delay only (in M_solar):

+0.10
2.14" 559




NS Masses and Radii < EoS

- PSR J0348+0432
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GW170817 — a merger of two compact stars

Neutron Star Merger Dynamics

(General) Relativistic (Very) Heavy-lon Collisions at ~ 100 MeV/nucleon

:- BB

Inspiral: Merger: Post Merger:
Gravitational waves, Disruption, NS oscillations, ejecta GRBs, Afterglows, and
Tidal Effects and r-process nucleosynthesis Kilonova

Symposium @ INT Seattle, March 2018




Discovery: neutron star merger !

GW170817A , announced 16.10.2017 *)

*) B.P. Abbott et al. [LIGO/Virgo Collab.], PRL 119, 161101 (2017); ApJLett 848, L12 (2017)



NS-NS merger !

GW170817A , announced 16.10.2017 *)

Multi-Messenger Astrophysics !!

Low-spin priors ([y| < 0.05)

Primary mass m, 1.36-1.60 M
Secondary mass m- 1.17-1.36 M
R +0.004

Chirp mass M 118875 002 Mo

Mass ratio m,/m, 0.7-1.0

2. ?4::: ::14 Mg
= 'U. {}25 j""f 5] (i 2
4078, Mpc

Total mass m
Radiated energy E 4
Luminosity distance Dy

Constraint on neutron star maximum mass

M., <2.17 M_sun

TO
(Margalit & Metzger, arxiv:1710.05938)
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Constraint on parameter (A<800)

16 (my + 12ma)miA; + (my + 12my )m35A,
—-]~?,.

13 (mqy + m, )’

Dimensionless tidal deformability

A = (2/3)k[(c?/G)(R/m)]>

*) B.P. Abbott et al. [LIGO/Virgo Collab.], PRL 119, 161101 (2017); ApJLett 848, L12 (2017)



Constraints on NS mass and radil

Constraint on maximum mass

2.01 < MTOV/MO <2.16

N\ N
_ \ L(% Compact ,
\ A : (Rezzolla et al., arxiv:1710.05938)

More Compact \

\

LVC radius constraint
GW170817

(Abbott et al., PRL (2018))

GW190425

(Abbott et al., arxiv:2001.01761)

Py i NICER mass -radius constraint
750 1 2l PSR J0030+0451

(Miller et al., ApJLett. (2019))




Constraints on NS mass and radii !

Constraint on maximum mass

201 <M, /M, <2.16
(Rezzolla et al., arxiv:1710.05

i

1]

:
;
i

PSR J0348+0432

PSR 11614-2230

L only diff. rot.
supramassive NSs

PSR J0437-4715 ey ) rot. supramassive NS

A

L only diff.
| rot. NSs

Constraint on minimal radius
R1.6 >10.68 Km
O (Bauswein et al., arxiv:1710.06843)
1 12 13 14 15 16 1 Constraint on maximal radius
R [km] R ,<13.6 km
(Annala et al., arxiv:1711.02644)
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Measure NS Radii ... [ExsNgee.

M=16/ Mg
R=12km, 13.25km
I:r_: B 1 Miﬂf

Front-side hotspot rotates thiough the line of sight

Counts (x1000)

7

b

Increasing compoctness (M/R) and light bending

|
Pulse phase

3 P F

Difference(d)

Interior Composltlun Expln

K.C. Gendreau et al., Proc. SPIE 8443 (2012) 844313 — first results end of 2019 !!



Constraints on NS mass and radii !
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Constraint on maximum mass
201 <M,/ M, <2.16
(Rezzolla et al., arxiv:1710.05938)

T L
I \

[ diff. rot. hypermassive NSs

rol. supramassive NSs

LVC radius constraint
GW170817

(Abbott et al., PRL (2018))
GW190425

(Abbott et al., arxiv:2001.01761)
NICER mass -radius constraint
PSR J0030+0451

(Miller et al., ApJLett. (2019))




Constraints on NS mass and radii !

Constraint on maximum mass

2.01 < MTOV/MO <2.16

. ERR 000000 (Rezzolla et al., arxiv:1710.05938)
PSR J0348+0432
PSR J1614-2230 |

451 [ - DD2F+SLy4
! l,’ I .. DD2p40+SLy4
17— —DD2+sLys
| ;rﬁ-’ — APR+SLy4
; — — AVI18+MPa’
. — . AVI8+MPb'
LVC radius constraint
GW170817
(Abbott et al., PRL (2018))
GW190425

(Abbott et al., arxiv:2001.01761)

NICER mass -radius constraint
AV18*: Yamamoto, Togashi et al., Phys. Rev C 96 (2017) 065804  pQR J0030+0451

DD2*: Typel, Ropke, Klahn, et al., Phys. Rev. C 81 (2010) 015803 (Miller et al., ApJLett. (2019))




Shall the APR EoS be abandoned?

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

10%

ESC

ESC+MPa
- TEEEEmmeE AV -
———  AV+MPa
—— - AV+MPa’ ]
\ .
4L 16 16 . . .
10t 0O + 770 elastic scattering v\
: E/A = 70 MeV ff\;

o 10 20
0. (degree)

Short-range multipomeron 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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Constraints on NS mass and radii !

Constraint on maximum mass
201 <M, /M, <2.16
(Rezzolla et al., arxiv:1710.05

PSR J0740+6620 ]

PSR J0348+0432]
Sl PSR 1161497301

[ diff. rot. hypermassive NSs

Iflll!lllllll

[ only diff. rot. __
| supramassive NSs

rol. supramassive NSs

—— 950 MeV
. (25 MeV) ..

———— 1400 MeV
—— DD2p40

== APR

LVC radius constraint

GW170817

% (Abbott et al., PRL (2018))

L T~ L. | GW190425

L2 R1[3km]14 15 16 17 (Abbott et al., arxiv:2001.01761)
NICER mass -radius constraint
PSR J0030+0451

Blaschke, Ayriyan, Alvarez-Castillo et al., Universe 6 (2020) 81  (Miller et al., ApJLett. (2019))
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Constraints on NS mass and radii !

Constraint on maximum mass

sl 201 <M;,/M, <2.16

| ISISNEEREE RSN (Rezzolla et al., arxiv:1710.05938)
PSR T1614-2250 - Cror ottt RIS

II| T
[ diff. rot. hypermassive NSs

rol. supramassive NSs

LVC radius constraint
GW170817

(Abbott et al., PRL (2018))
GW190425

(Abbott et al., arxiv:2001.01761)
NICER mass -radius constraint

PSR J0030+0451
Ayriyan, Blaschke, Grunfeld, Alvarez-Castillo et al., in prep. (2020) (Miller et al., ApJLett. (2019))
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Relativistic density functional approach
to quark matter - string-flip model (SFM)

M.A.R. Kaltenborn, N.-U.F. Bastian, D.B. Blaschke, PRD 96 (2017) 056024 [arxiv:1701.04400v3]
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Pauli quenching effects in a simple string model of quark/nuclear matter
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Relativistic density functional approach™ (I)

B
Z = /D&'quxp {/ dT/ d*z [Log —I—e;_r*ygﬁq]} , = (g: ) ,  f1 = diag(py, pa)
0 1%

o - R . .
—”}‘na——l—i’}“V—m q, m = diag(m,,mg)
@

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

U(q_Q'J q_ﬂ}"ﬂq') — U(“Sﬂﬂ ) —|_ (q_g —n )ES —|_{q_’:rl[}q - nV)E‘-f _I_ BEEOR

Lot = Liree — U(Q_Q:Q_TDQ):- Eﬁee = (

oU(gq, q09) U (ns, ny)
{q':” = Mg = g r— —_ an E = — — :.
gu:d . ,#Zu:d v ‘E’mf 0G0 |—n.  Oma
] dU(qq, @09) dU (ns, ny)
(Tvoq) = ny = Ny f= ——an Y, = - _
fgd _f;d V ouy (37109)  |;10q=n. On,

Z — /‘D@Dq eXp {‘Squasi[{fa Q'] T ﬁvelnsa ﬂ*v]} 1 e[ns:nv] — U(ﬂ*s:-ﬂv) T Esns T Evﬂv

Sauasil: 9] = ﬁZZ@G Hwn,0) a0, G (wnB) = Yo(—iwn + %) —F - F— "

*This work was inspired by the textbook on “Thermodynamics and statistical mechanics” of the
“red” series on Theoretical Physics by Walter Greiner and Coworkers.



Relativistic density functional approach (ll)

Z = /“qu exp {Squasi [{ia '[ﬂ - ﬁve[nmn?]} ’ e[ns,nv] = U(ﬂzs?ﬂav) — Esns — Evnﬁ

2 i = /@@Dq exp {Squasi|q: 4|} = det[8G71], Indet A = Trln A
T _ ) , .
Pouasi = 7 In Zquasi = ?Tr In[3G 1] no sea” approximation ...
3
oV Y [P T [1 et E D | pin [1 4 o] )
(2m)3
f=u.,d
dp p* . . E} = /p? +m}”
Pquam— Z f;E* [f(Ef_ﬁf)+f(Ef+ﬁf)] \/
m— f(E) = 1/[1 + exp(BE)]
PF.f J 1 *
P = / —E%—E}[ns,nv], pF?_f:¢ﬁf2—mf2 'm’ = m + Ls
f=u,d”? " pE=p— 2y
Selfconsistent densities
B oP 3 R Y _ oP _ 3 pFJd QZP%?H‘FP%@
ng = — f;d amf 12 f;d[] dpp E}‘. , T f;d Ous w2 f;dL PP 2 .




Relativistic density functional approach (lll)

600 ' L |
Density functional for the SFM “e0 .
-— — 6
1 500 . u:i}.meé —
2/3 5 bnv o= 0.4 fm |
U(ng,nv) = D(ny)ns'" +an, + ————
(1) = D)/ + any + = w0 i
Quark selfenergies E 100 m 4 2 )
2 |5
—1 3 £ H ” i
Y, = §D(”v}ﬂs / : Quark “confinement oo |
3 5 i I
5. — 9an, + dbny  2beny N 8D(nv)nw3 ool SITeell -
2 22 § i e T~—
1+cn2 (14 cn2) dn,, Tl T
00 0.2 0.4 306 0.8 1
. . . fi
String tension & confinement o L
due to dual Meissner effect S o= e o e
(dual superconductor model) SSooo——a
== ==t ==c=
D(n.) = Do®(ny) == PLe g =
Effective screening of the =) —
string tension in dense matter = %
by a reduction of the available === %ﬁ.ﬂh =
volume a = v|v|/2 sSiSigoenaaeaes
o

J— _ 2 .
e (ns—mn0) , i ng >ngp

B(ng) — {1, if ng < no



Phase transition DD2p** to SFM quark matter

Pressure |J!"--“lf:"'«.-’fi"m'1r |

Hadronic matter: DD2 with excluded volume [S. Typel, EPJA 52 (3) (2016)]
1 if ng < ng
lﬁn — (I) — .II v|w
P {E__EL{“B_“”}E: if ng > ng
Varying the hadronic excluded volume parameter, p00 — v=0, ... , p80 — v=8 fm”3
300 T T T 300 I T | [ [
— DD2p00 — DD2p00
— DD2p20 — DD2p20
-|- — DD2p40 [ |- — DDZpd0
—- DD2p60 . — . DD2p60
s00H ggigﬂﬂ WE 200 DD2p80 |
%
=
=
100+ @ 100 _
£
S0 1o - mw 1500 0

e [MeV/fm']
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Hybrid EOS - parameters

= oL 3 |
- —— DD2p40 3 d /"f
- —— o=0.1 e S L
- .= =02 FE A / -
— o=(0).3 ’ i f‘f -
: o D'.:Uil- P rFa f ff B
. .f'f vl

i 4 . 3
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Kaltenborn, Bastian, Blaschke, arXiv:1701.04400 —

a,a,b

—-'-*:',‘-. & PSR JO348+0432 —|
. '%.h_l_-l"‘_ﬂ_!j..llﬁi-*l-'lfﬁf} -
£ -I " G . ]
B i 2
i | i
I | |
i : i
LS I ]
i \ o=0.1
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i "~ o=0.3 ]
T - 0=04 ]
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| | | | ] ] ] ]
10.0 110 12.0 13.0 14.0
Radins [kml
Phys. Rev. D 96 (2017) 056024. 17



Maxwell Construction between Hadron and Quark Phases

D.E. Alvarez-Castillo, D.B., A.G. Grunfeld, V.P. Pagura, PRD 99 (2019); arxiv:1805.04105v3

80 . . . 7 __ APR No Maxwell construction
5 = EE% f,fé{f;,{f: / | DD2F — Kojo interpolation
’?0 I Hadr-:-ncET:-S;DI:tZ-M-B\I'_p-dD ’,‘l;rf_?*'f}:f.'/ 4 .
650 —— o manoe Y 4— DD2 Masquerade with nonlocal
60 = amesma rar Y NJLsc for eta=0.17
[ -—-- CusiEcSInNL-ye007 "j’f.‘ —/f,' /7_
| - Cuigrk EnS: nibL - =0, ?.ﬂ:f " /- .
oRl; T s e ,;;?// g / {;’?/ DD2 p40 Normal Maxwell construction
— 50 — - Chrk EcS: AN - =018 f/r‘(,f,' s ,"'* =
o e Cuk EoS: i - 1j=0.19 Ry VA .
E 45 L - Oua*‘kEGS:nlhu_.1:=u.il {;;’:/iz' . /1;::/ — .
S ANL T e e o DL 7 1 The nonlocal covariant sc quark model:
% 40 L e Dua“r(EI:-S:nIM.I.q::D.:aﬁ ’ér/fff ar/a ]
L v ' . . | | Gs 5, ..
%gg : 1 se = [dts {i@ o+ mo v - Lol
N - H. ., o Gy o
25 . ~ 5 U@ i)~ SEit ) i @)}
20 -
151 4 TN S
ok 1 k@) = [d'zg(2) P +3) Trd(z—3),
5 7 1 i@ = [d9) ola+3) To vz - 3)
/'f{ '{ | | 1 |

AP g I ! |
050 1000 1050 1100 1150 1200 (s — [t o(e) desZ) it wfe— )
O eV #@) = [z 9 e+ D) i v -3



Nonlocal chiral quark model - generalized

s e Bt
Sp = [ dtz {m (=i + me) () — 5 4(@)5(x) =5 L@ i) -t (@) o) |

=

_}é(.{) == fcf’iz g(z) ﬂ(.{: + %} I'rip(x — E) :

Z

ib() = [ d gz) dole+3) To via—3)

Z

@) = [ 9) B+ 3) i v =3,

2Gs  2H 2Gy 2] (2n)?

Indet [ S~Y(7, A, @, pse)]

dﬂ MFA dﬂ MFA d‘ﬂ.‘d Fa
—: =] , — = {J, — = 0},
dA do diw
D.B., D. Gomez-Dumm, A.G. Grunfeld, T. Klaehn, N.N. Scoccola,
P(p:n, B)=-QY" — B “Hybrid stars within a covariant, nonlocal chiral quark model”,
' ' Phys. Rev. C 75, 065804 (2007)




Maxwell Construction between Hadron and Quark Phases

3E T L= % Here:
— ’.-0"
— e \ : . . :
;2 E pag———— \ Baseline without interpolation
Kol e =
B e - “'!. ¥ [ L
2.4F = — no 3™ family, no twins!
o) — _:., = =ra— CWETOREF—
'2 - X, Y PSR J0348+0432
"5 1.8E % ‘i | i PSR J1614-2230 4 — EF
2 . : N i | 1 —— Doz
S 1o%mwmony, | [N 1/ E -
1.4F PSR JO457-4715 | [r AR ———  pD2ptoaNIL. y=o12
1.2 | . B 4 ———- oDDzproam - q-0as
T F - ! 1 ——— DD2ptinaNIL - n=017
1 - d - DD2p4inlMIL - =018
0.8F 4 = DO2pA0-nINIL - =019
N i DD2pd0-niMIL - 1=0.21
0.6 =
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Violation of upper limit on maximum mass from GW170817 — does it matter?



Interpolating between Quark Phase Parametrizations

Twofold interpolation method: 1. to model the unknown density dependence of the

confining mechanism by interpolating a bag pres-
sure contribution between zero and a finite value
B at low densities in the vicinity of the hadron-to-
quark matter transition, and

2. to model a density dependent stiffening of the quark
matter FEoS at high density by interpolating be-
tween EoS for two values of the vector coupling
strength, n- and 5-.

P(p) = [f«(u)(P(p;n<) — B) + fo () P(psn<)| f< (1) +F= () P(psn=)

ﬁ:{ﬁ)=%[1—tﬂnh (”;f“:)lz f{{{#}Z%[1—1:-&1111(“;::{)]1

o) =1—fo(p), fo(pu)=1—felp).

D.E. Alvarez-Castillo, D.B., A.G. Grunfeld, V.P. Pagura, Phys. Rev. D99, 063010 (2019);
[arxiv:1805.04105v3]




Interpolation vs. medium dependence of coefficients

40—
P(p) = P(un, B, ff{;u + P(p;m,0) f= (p
— p{lﬂ T, {} [ f'a ] B.f" P[ 30 \:‘ B = 35 MeVffm"
— p“—‘[”B{P{} .'- HEZO
S
B(p) = Bf-(p) is the p—dependent bag pressure 2
10~ -
P(p) = P(pine, B)fe(p) + Plpin., B) fs(p) o e =
= Plu;n-, BJ[ felp) + f=( ;_{.]] 1000 1200 1400“[ o0 1800 2000 2200
| - dP(uzn, B
s — <) fi () D
dn —n
_ % 0.12
o | dP(p:n, B) 0.1
s Fo (1) + n< fa(p) = n<l—1—— z | |
] = " 0.8 -
= P(uin(p),B) ,
0061 ,-/"// — set | i
nn) = n<fs(pn) + nefe(p) is the medium- 004;_ ______ ez _
dependent vector meson coupling 1000 1200'1400;[1{46.30\?1 1800 2000 2200



Maxwell Construction between

Hadron and Quark Phases
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Maxwell Construction between Hadron and Quark Phases
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A class of hybrid star models with early
Phase transition onset & Bayesian
analysis with multimessenger data

D.B., A. Ayriyan, D.E. Alvarez-Castillo, H. Grigorian, Universe 6, 81 (2020) [arxiv:2005.03926]



Quark-hadron hybrid equations of state (normal case)

Quark matter model: Generalized nonlocal NJL model [Alvarez-Castillo et al. PRD(2019)]

P(p) = P(p;yp(p). B(p)) = Punp (i (p)) — B(p) . y(p) = y=f=(p) +n<fe(p)  B(p) = Bf<(p)fe(p).
Chemical-potential-dependent vector coupling and bag function, defined by switch functions:

1 — M . .
f<lp)=3 [‘l —tanh (%ﬂ . f=lw)=1-f(r) , where p_ defines onset of deconfinement.

“

Mixed phase construction:

T T T I T /

- : /
Pog () = oz (0 — pe)” + @y (0 — e} + (1 + Ap) Pe, - | — mixed phase /7
: ) | = — — hadronic phase | /_2
Connects three points: — —  quark phase 7]
Pu(Hg), Po(Heg) P(1+4,) o I, W
. 2 [ a+a)p, ! ]
Constant speed of sound extrapolation: 8 . i
[~™ T T Tt T T T T T T T T T T T | _
P(u) = Po+Pr(p/pe)F, for g = g, P | i
- | —
ep) = —Po+P(B—1)(p/pe)f,  forp > py g | l
B B-1 - 5 TP | s
ng(p) = Pp-— (p/pe)" ", for g > iy, ] _- | !
Bz 27 ! ! o l L !
g _ 1 R = [(B-DPi-e]/p e I, e
defop  p-1 P, = (Pa+e:)/B., Baryon chemical potential

Matching pointis at: P =P(u ), € =&(u.) A. Ayriyan et al., PRC 97, 054802 (2018)




Was GW170817 a merger of conventional neutron stars ?
A Bayesian analysis for a class of hybrid equations of state

- Mass 2.14+0.10-0.09 M_sun &
- Compactness (tidal deform.) GW170817 &
- Mass+Radius NICER PSR J0030+0451

- New (fictitious) mass+radius measurement
“‘NICER PSR J0030+0451”, R—>R+1.6 km
Gaussian width parameter o — 0/2

— Two-parameter family EoS: p_, A,
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Tidal deformabilities A (dimensionless)
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Tidal deformabilities A (dimensionless)
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Bayesian inference for the EoS models

1. Vector of parameters: 7, = {;:.:m,ﬂp[k;.}

2. Likelihood of a model under A1-A2 constraint from GW170817:
P(Egw|m) = [ (A1), Aa(D))dr+ [ B(As(x), Aa(x))dT

+‘£ ﬁ{ﬂ1(r},hg{’r}}d’r+£ B(Aq(T), Ax(T))dT,
3. Likelihood of a model under constraint for lower limit of the maximum mass:

1 M: —
P(Ea|m;) = ®(Mj pa, 04) = 5 [1 -I—erf( \L"Eﬂ"iﬂ)}

4. Likelihood of a model under the combined M-R constraint of the NICER experiment:

N(M, R ) 1 X :—u;=13.:u:m| ! o E
# M ,I:r P ,E" . = _ , L o s ;
HM: UM, HR, OR, P PoMTR ,_1_p2exp( —2{1—,32}) oy 115im _
00— 1A A

I ! I I ! I ! L
L, =144M

| oy =0145 M|

(M-} ) (M—p)R—p) | R—p) 4

X =
T3 TMOR Tx

16F

P (EMmR |7;) = [ N (pr, or, M, UM:P}dTJr_/; N (R, Or, pim, oM, P)dT, EGH_

: : s

5. Fictitious M-R measurements a la NICER: 121
P(E|7;)P(7;) LoF

6. Posterior Distribution: P (7:|E) = ;5 ; P 9%
L P(E|7;) P (7)) o

j=0




Bayesian inference for the EoS models
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Bayesian inference for the EoS models
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Bayesian inference for the EoS models
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Quark-hadron hybrid equations of state (anomalous case)

Quark matter model: Generalized nonlocal NJL model [Alvarez-Castillo et al. PRD(2019)]

P(p) = P(u;n(p). B(§)) = Pungu (i () — B(p) .

Crossover construction (interpolation):

W) =N=fe(p) +<fe(p)

B(p) = Bf<(p)fe(p)

<r Py(p) = an(p — pm)* + by(p — o) +cn p < pc
1) = ap(p — pQ)* + byt — p1Q) +cp 1= pre

Py(pm) = Pa(pm) = cn = Pa(pw) Eyl
ng(par) = np (o) = by = g (pr) [ Palie) = Pplpe)
Py(pq) = Po(pq) = cp = Poluq) | nn(pte) = np(pec)
np(uuQ) — nQ (#Q) = b,D — nQ (luQ) gaﬁons Etrufttabloillaja;rt) -
----- adrons (not trustable pi
Quarks (trustable )
aﬂ(ﬂuc — HH )2 - ap(luc - #Q)z =K1 e ?ilarksl(::'ottn(—ﬁmda%?:%ini
nierpolation (hadron-IliKe
Ao, Interpolation (quark-like) :
2an(pte — pa) — 2ap(pte — pQ) = K2 5 ;
= :
k1 =nQ(pe = pQ) —nu(pe —pu) +Po—Pu, g | i
a l :
Ko = ng — NH i i
(o =2t Ralie = o) -
T 20pe — pu)(pE — 1Q) el | |
Solution of SLAE: /! M He 0 Mo
2y + oo ) chemical potential
—2Kk1 + K — . . .
a, = 17 P2Vl — FH A. Ayriyan et al., in preparation (2020)
\ 2(pe — p@)(pa — 1Q)




Hybrid EoS < Hybrid star configurations
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Tidal deformabilities A (dimensionless)
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Tidal deformabilities in accordance with GW170817 — Now for a crossover interpolation
|s the early onset of the crossover an early onset of quark matter in neutron stars?

- hadronlike region: hadronic matter with parton substructure (Pauli blocking, MPP) stiffening
- quarklike region: delocalized quark matter, but strong hadronic correlations

— |s this quarkyonic matter? [McLerran & Reddy, PRL 122 (2019) 122701; arxiv:1811.12503]
— Soft and hard deconfinement? [Fukushima, Kojo, Weise, arxiv:2008.08436]



Bayesian inference for the EoS models

Constraints:

- min(M_max) from
PSR J0740+6620 (Cromartie et al.)

- tidal deformability from + max(M_max) from
GW170817 (Abbott et al.) GW170817 (Rezzolla et al.)
- M-R constraint from + error ellipse from NICER

PSR J0030+0451 (Miller et al.) Reduced by factor 2 (fictitious)



Hybrid EoS < Hybrid star configurations
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Is the early onset of the crossover
an early onset of quark matter in
neutron stars?

- hadronlike region:

hadronic matter with parton
substructure (Pauli blocking, MPP)
stiffening

- quarklike region:
delocalized quark matter,
but strong hadronic correlations

— Is this quarkyonic matter?
[McLerran & Reddy, PRL 122 (2019)
122701; arxiv:1811.12503]

— Soft and hard deconfinement?
[Fukushima, Kojo, Weise,
arxiv:2008.08436]



Interpolation constructions and hyperon puzzle solution

anomalous case normal case
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M. Shahrbaf, D. Blaschke, S. Khanmohamadi, arxiv: 2004.14377; J. Phys. G to appear (2020)




The Special Point in the M-R Diagram for Hybrid Stars

M. Cierniak & D. Blaschke, in preparation for EPJ ST (2020)
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Outlook:
Supernovae & Merger Simulations

T. Fischer et al., Quark deconfinement as supernova engine of massive blue supergiant
star explosions, Nature Astronomy 2 (2018) 980-986; arxiv:1712.08788

A. Bauswein et al., Identifying a first-order phase transition in neutron star mergers through
gravitational waves, PRL 122 (2019) 061102

S. Blacker et al., Constraining the onset density of the hadron-quark phase transition with
gravitational-wave observations, arxiv:2006.03789 [astro-ph.HE]

A Bauswein et al., Gravitational-wave signature of quark deconfinement in neutron star
mergers and hybrid star mergers, EPJ ST (2020), submitted.



Deconfinement transition as SN explosion mechanism
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T. Fischer, N.-U. Bastian et al., Quark deconfinement as supernova engine of massive blue
Supergiant star explosions, Nature Astronomy 2 (2018) 980-986; arxiv:1712.08788




Hybrid star formation in postmerger phase

1.4

==== DD2F-SF
— DD2F

postmerger

Strong phase transition in postmerger GW,
A. Bauswein et al. arxiv:1809.01116

-t ™

---~

-~
a7 \‘I‘\,l“s"\f""-‘

10—20

DD2F-SF

— DD2F
==== DD2F-SF

— DD2F

Hybrid star formation during NS merger
— higher densities and compacter star

— higher peak frequency of the GW

10

A. Bauswein et al., PRL 122 (2019) 061102



Hybrid star formation in postmerger phase

Strong phase transition in postmerger GW signal,
A. Bauswein et al., PRL 122 (2019) 061102; [arxiv:1809.01116]
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A1.35

Strong deviation from fpea — R, , relation signals strong phase transition in NS merger!

k

Complementarity of f _ from postmerger with tidal deformability A

1 35 from inspiral phase.




Hybrid star formation in postmerger phase

Strong phase transition in postmerger GW signal, S. Blacker et al., arxiv:2006.03789
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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 !




GW signal of deconfinement in merger of hybrid stars

Merger of hybrid stars with early phase transition: A. Bauswein et al., EPJ ST (2020) submitted
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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!




CEP in the QCD phase diagram: HIC vs. Astrophysics

(o]

A. Andronic, D. Blaschke, et al., “Hadron production ...”, Nucl. Phys. A 837 (2010) 65 - 86

NuPECC Long Range Plan 2017; http://www.nupecc.org




2" CEP in QCD phase diagram: Quark-Hadron Continuity?

Gluons <« Vector mesons
Quarks « Baryons
Goldstones < Pseudoscalar mesons

quark-gluon plasma

~150
Mel

- L
. hadrons — quarks
[ - » . L
, & ) 3
hadron nuclear - 3
resonance gas color superconductivity

My 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




Conclusions:

HIC A - HPD (callidar )

High-mass twin (HMT) and
Typical-mass twin (TMT) A
solutions obtained within : ;
different hybrid star EoS, e.g.,
- constant speed of sound

- higher order NJL

- piecewise polytrope

- density functional

IR

Main condition: stiff hadronic &
stiff quark matter EoS with
strong phase transition (PT)

Existence of HMTs & TMTs can be verified, e.g., by precise pulsar mass
and radius measurements (and good luck) — Indicator for strong PT !

g7

Extremely interesting scenarios possible for dynamical evolution of isolated
(spin-down and accretion) and binary (NS-NS merger) compact stars;
GW170817 could be the inspiral of a neutron star — hybrid star binary !

Critical endpoint search in the QCD phase diagram with Heavy-lon
Collisions goes well together with Compact Star Astrophysics
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International Conference “Critical Point and Onset of Deconfinement”
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