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Compact stars and black holes in
Einstein's General Relativity theory
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F fis [ L Space-Time @ w = e 'IL_!_, Matter
* »

Massive objects curve the Space-Time

Non-rotating, spherical masses — Schwarzschild Metrics

. 2M. ., 2M . . o
ds® = —(1 — =—)dt* + (1 — ) ldr? + r2dO?
_ . | -

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

NLW model
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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

*) courtesy: Konstantin Maslov



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

Simple examples™)
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Free neutrons: Oppenheimer & Volkoff, Phys. Rev. 55 (1939) 3
NLW (nonlinear Walecka) model: N. K. Glendenning, Compact
SQM (strange quark matter): P. Haensel, J. L. Zdunik, R. Schae
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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

*) 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 = Uﬁﬂﬂﬁ}} 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:

Demorest et al., Nature 467 (2010) 1081, arxiv:1010.5788



NS Masses and Radii <~ EoS
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www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html



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 !

R4 LIGO - Virgo

GW170817A , announced 16.10.2017 *)

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



3000

NS-NS merger!

GW170817A , announced 16.10.2017 *) 2000

2500

o N . | Less Compact
Multi-Messenger Astrophysics !! = 1500 / ’
1000 '
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 1.1887 5005 M
Mass ratio m,/m, 0.7-1.0
Total mass m 2. ?4::,'::14 Mg
Radiated energy E_ > 0.025M ,,¢?
Luminosity distance Dy 407%, Mpc

500 1000 1500 2000 2500 3000

Constraint on parameter (A<800)

16 (my + 12may)mTA| + (my + 12my )m5A,
.]I-_\I

13 (mqy +m, )’

Constraint on neutron star maximum mass

M., <2.17 M_sun Dimensionless tidal deformability

(Margalit & Metzger, arxiv:1710.05938)

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 radii !

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

i

Wi
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PSR J0348+0432

[ diff. rot. hypermassive NSs

PSRK J1614-2230

| only diff. rof.
~ | supramassive NSs

PSR J0437-4715 mm : o

ol

L only diff.
| rot. NSs

Constraint on minimal radius
R, > 10.68 km
e (Bauswein et al., arxiv:1710.06843)
10 11 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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Constraints on NS mass and radii !

Constraint on maximum mass
201<M,,,/M,<2.16
(Rezzolla et al., arxiv:1710.05
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P5R J05348+0452

[ diff. rot. hypermassive NSs

PSR 11614-2230

| only diff. rof.
~ | supramassive NSs

PSR J0437-4715 N\\\W : o

A

L only diff.
| rot. NSs

Constraint on radius

R, =xx.x km +/-500 m

1.44
(NICER, 1812.xxxxX)

Constraint on minimal radius
R1.6 > 10.68 km

L (Bauswein et al., arxiv:1710.06843)
12 13 14 15 16 17 Constraint on maximal radius
R [km] R, <13.6 km

(Annala et al., arxiv:1711.02644)
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Measure NS Radii ... BN

M=16/ Mg
R=12km, 13.25km
l:r_: o~ l| Miﬂ{

Front-sidle hotspot rotates thiough the line of sight

Counts (x1000)

Inereasing compactness (M/R) andlight bending
7

3 Pl e e

1
Pulse phase

Difference (o)

o N

In or Cnmposltmn Expln

K.C. Gendreau et al., Proc. SPIE 8443 (2012) 844313 — first result end of 2018 !!



GW170817: NS-NS Merger — Equation of State Constraints

3500 . 2.2 ,
| — SLya i ;
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. . 2 =
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ACB6 (NS/NS)
ACB6 (HS/NS)
ACRBT (NS/NS)

M. Bejger, D.B., et al., in preparation (2018)

V. Paschalidis, K. Yagi, D. Alvarez-Castillo,

| ‘_ D.B., A. Sedrakian, arxiv:1712.00451

Phys. Rev. D96 (2018) to appear April 24

Suggestion: The heavier NS be a hybrid star (HS)
with a quark core, evil. member of a “third family™!



History: Third family & Nonidentical Twins

FHYESEICAL REVIEW VOLUME 172, NUMBER 5 25 AUGUST 1968

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

Urricy H. Gervacu§
Palmer Physical Laboralory, Princelon Universily, Princeton, New Jersey
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History: Third family & Nonidentical Twins

Non-Identical Neutron Star Twins astro-ph/9807155: A&A (2000) L9
Norman K. Glendenning
Nuclear Science Division, Lawrence Berkeley National Laboratory, 1600 -
University of California, Berkeley, CA 94720, USA “H M,."M@ = 1413
Christiane Kettner . ! “t‘
Institut fuer theoretische Physik I, Universitaet Augsbury NE ‘ 1 "
Memmingerstr. 6, 86135 Augsburg « 10004 k‘ii
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History: Third family & Nonidentical Twins

Non-Identical Neutron Star Twins

Norman K. Glendenning
Nuclear Science Division, Lawrence Berkeley National Laboratory,

University of California, Berkeley, CA 94720, USA

Christiane Kettner
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The original Twin paper uses
Glendenning construction, not
Maxwell one -

Surface tension zero vs. infty!
Pasta phases in-between ...

— does not fulfill ZMsun constraint ! ... Like all follow-up papers until ~2010 (B.K. Agrawal)




Neutron Star Interiors: Strong Phase Transition?
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» Star configurations with same
masses, but different radii

Mark A. R. Kaltenbom

* New class of EOQS, that features
high mass twins

» NASA NICER mission: radii
measurements ~ 0.5 km

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

critical point

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




Neutron Star Interiors: Strong Phase Transition?

M=2.01 +/- 0.04 Msun M=1.928 +/- 0.017 Msun

PSR J0348+0432 PSR J1614-2230

Antoniadis et al_, cience 340 (2013) 448
Demorest et al_, Nature 467 (2010) 1081
Fonseca et al_, arxiv:1603.00545

What if they were high-mass twin stars?
— radius measurement required ! — NICER (2018/19)



Neutron Star Interiors: Strong Phase Transition”? M-R Relation!

V. Paschalidis et al., arxiv:1712.00451
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High-mass twins (HMT) or typical-mass twins (TMT) ?
For a classification see: J.-E. Christian, A. Zacchi, J. Schaffner-Bielich, arxiv:1707.07524
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phase-transition and hence a

critical point




Neutron Star Interiors: Strong Phase Transition”? M-R Relation!

- T | ' <.+ 1 + Star configurations with same
V. Paschalidis et al., arxiv:1712.00451 ol 1 masses. but different radii
10" = E
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High-mass twins (HMT) or typical-mass twins (TMT) ?
For a classification see: J.-E. Christian, A. Zacchi, J. Schaffner-Bielich, arxiv:1707.07524



Constant Speed of Sound (CSS) Model

Alford, Han, Prakash, PRD88, 013083 (2013)

First order PT can lead to a stable branch of
hybrid stars with quark matter cores which,
depending on the size of the “latent heat”
(jump in energy density), can even be
disconnected from the hadronic one by an
unstable branch — “third family of CS".
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Measuring two disconnected populations
of compact stars in the M-R diagram would
be the detection of a first order phase
transition in compact star matter and thus
the indirect proof for the existence of a
critical endpoint (CEP) in the QCD phase
diagram!




Key fact: Mass “twins” < 1storder PT

HLPS + CSS8(c’=1)

Pliransf Mo
20 30 40 50 Newy 6.0
| |

0 ﬂ:l ﬂ:l 0:3 ﬂ:"-‘- U:S D r,r’,E -
(a) Prrans Etrans (b) Hans / ~rans

Systematic Classification [Alford, Han, Prakash: PRD88, 083013 (2013)]

EoS P(g) <--> Compact star phenomenology M(R)

Most interesting and clear-cut cases: (D)isconnected and (B)oth — high-mass twins!



Relativistic density functional approach
to quark matter - string-flip model (SFM)

M.A.R. Kaltenborn, N.-U.F. Bastian, D.B. Blaschke, PRD 96, 056024 (2017) ; [arxiv:1701.04400]
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PHYSICAL REVIEW D
Pauli quenching effects in a simple string model of quark/nuclear matter

G. Ropke and D. Blaschke
Department of Physics, Wilhelm-Pieck-Universtiy, 2500 Rostock, German Democratic Republic

H. Schulz
Central Institute for Nuclear Research, Rossendorf, 8051 Dresden, German Democratic Republic
and The Niels Bohr Institute, 2100 Copenhagen, Denmark
(Received 16 December 1985)




Relativistic density functional approach™ (1)

Qu
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ZZ/DWQEKP{/ d’*"/ &z [Log +§’mﬁ*?]} : GZ(
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) , o= diag(pu, pd)

o .= . . :
ﬁf(_”}’ﬂ_‘|‘3’?"v_m)qs m = diag(my,maq)

General nonlinear functional of quark density bilinears: scalar, vector, isovector, diquark ...

Expansion around the expectation values:

U(aq, v09) = Ul(ng,ny) + (a9 — ns)Es +(@v0q —ny) Xy + ...,

r o U (qq, 40q) U (ne, ny)
<qq> = -I]_LE = ﬂa.l = — _ IDZ : EE‘. — — — :.
fgul.,d ! f;u,d V om; d(qq) da=n. Ons
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Z = /D*?PQ' exp {Squasi|q, q] — BV Ons, ny]} , Olns,ny| = U(ng,ny) — Lsns — Lyny

Fo 2167

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

qua.'-:.l Q:Q] wn;ﬁ'] q , G_l(wn,ﬁ') = "m(—i'wn + ,."3',*) — .'_f;— Tﬁ-*



Relativistic density functional approach (ll)

Z = /‘qu exp {Squasi [q_a {ﬂ — ‘BVG[HS,RV]} ’ e[ns,nv] = U(ﬂs,ﬂv) — Esns — Evn‘v

2 quasi = /@@Dq exp {Squasiq. 4} = det[8G71] , Indet A = Trin A
r -1 ¢ ” imation
Pquasi = ?111 unﬂsi — ?Tr ]n[ﬁG ] no sea’ approximation ...
3
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PE.f ] 1 "k s
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Relativistic density functional approach (lIl)

Density functional for the SFM

Ul(ns,nv) = D(ny)n?® 4+ an? +

Quark selfenergies

Ys ED(HV}R;UE ,
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3
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Y = 2an, + v Ty
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Quark “confinement”

aD(nv) 2/3

1+cn2 (14 cn2)?

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

D(ny) = Do®(ny)

Effective screening of the
string tension in dense matter
by a reduction of the available
volume o = v|v|/2
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Phase transition from hadronic to SFM quark matter

Hadronic matter: DD2 with excluded volume [S. Typel, EPJA 52 (3) (2016)]

o o L if ng < g
n— ¥p — E—%{na—nu}gz if ng > ng

Varying the hadronic excluded volume parameter, p00 — v=0, ... , p80 — v=8 fm”3
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o | — || b
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;.E 200. .. QEoS E 200 p8
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]
s =
2
E 100 g
) — o
oo —
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Hybrid EoS: high-mass and low-mass twins (3™ family) !
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Kaltenborn, Bastian, Blaschke, arXiv:1701.04400 —— Phys. Rev. D 96, 056024 (2017)

Results of Maxwell construction! Could pasta phases remove the twins (3" family instability)?




Discover the 3™ family — NICER vs. GW170817

) R 2000 e EoS:
5 5 ’ ’ ’ ; .| — sf_030 slyacr DD2 P40 - SFM_a=0.3
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2.0 AR AR AR A 1 2500

NICER-B

PRD 96 (2017) 056024
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9 10 15 0 500 1000 1500

Alternative to NS merger with soft EoS — Hybrid star (HS) — HS / HS-NS merger

If NICER rules out soft EoS (since R .. ... >13.5 km) then Third Family is Discovered !!



Discover the 3™ family — NICER vs. GW170817

Nonlocal NJL model (with interpolation), D. Alvarez-Castillo et al. (arxiv:1805.04105)
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Alternative to NS merger with soft EoS — Hybrid star (HS) — HS / HS-NS merger

If NICER rules out soft EoS (since R ., ,.,.>13.6 km) then Evidence for Third Family !!




CEP in the QCD phase diagram: HIC vs. Astrophysics
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A. Andronic, D. Blaschke, et al., “Hadron production ...”, Nucl. Phys. A 837 (2010) 65 - 86

NuPECC Long Range Plan 2017; http://www.nupecc.org
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Quark deconfinement as a supernova explosion
engine for massive blue supergiant stars
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Deconfinement transition as SN explosion mechanism
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Margalit & Metzger (2017) ApJ 850, L19
Shibata et al., (2017) PRD 96, 123012

Rezzolla et al., (2018) ApJ 852, L25
Ruiz et al.. (2018) PRD 97
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v — signal (@ Super-Kamiokande (d ~ 10 kpc)
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The Nobel Prize in Physics 1993
Russell A. Hulse, Joseph H. Taylor Jr.

"for the discovery of a new type of pulsar, a discovery
that has opened up new possibilities for the study of
gravitation"
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Goriely et al,(2011) ApJ 738, L32 Rezzolla et al ,(2016) PRD 93, 124051

Bauswein & Janka (2010) PRD 82, 084043 Goriely et al.,(2015) MNRAS 452, 894
Bauswein et al.,(2015) PRC 92, 055805
Baiotti et al.,(2008) PRD 78, 084033 Eichler et al.,(2015) ApJ 808, 13
Freiburghaus et al.,(1999) ApJ 525, L121 Perego et al.,(2014) MNRAS 443, 3134
Lattimer et al.,(1974) ApJ 192, L145 Korobkin et al.,(2012) MNRAS 426, 1940

It binary neutron star merger
detection: GW170817

yellow regions: gold
grey: high baryon density




Hybrid star formation in postmerger phase
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Hybrid star formation in postmerger phase

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

200 400 600 300
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

135 from inspiral phase.




Novel road to explosions of very
massive stars > 40 — 50 M,

“The progenitor was so bright that 1
it probably belonged to a class of
stars called Luminous Blue

Variables (LBVs)”

SUPernova w Progenitor gone
2005 2007
HST WFPC2 HST WFPC2

Supernova 2005gl in Galaxy NGC 266
Hubble Space Telescope = WFPC2

Remnants: massive neutron stars ~ 2 M
Additional neutrino burst

GWs-signal from neutron-star mergers



Conclusions:

HIC & - HP D (¢ ollider

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

- higher order NJL

- piecewise polytrope

- density functional

MIC A - BEMGHN (mnuclotron)

HE

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 !l

1y

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

Critical endpoint search in the QCD phase diagram with Heavy-lon
Collisions goes well together with Compact Star Astrophysics



Particle Accelerators and Detectors

Equation of State — Phase Diagram

Quantum Field Theory of Dense Matter

29 member
countries !!
(MP1304)

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

November 2013 - November 2017
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Particle Accelerators and Detectors

Equation of State — Phase Diagram

21 member

countries !
(CA15213)

“Theory of HOt Matter in Relativistic
Heavy-lon Collisions”

EUROFEAN COOPERATION
New- I H o m IN SCIENCE AND TECHNOLOGY
[ ]

Kick-off: Brussels, October 17, 2016




Particle Accelerators and Detectors

Newest:
PHAROS

THE MULTI-MESSENGER
PHYSICS AND ASTROPHYSICS
OF HNEUTRON STARS

http://www.cost.eu/COST _Actions/ca/CA16214

Equation of State — Phase Diagram

Quantum Field Theory of Dense Matter

Network:
CA16214

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

Kick-off: Brussels, 22.11. 2017
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International Conference “Critical Point and Onset of Deconfinement”
University of Wroclaw, May 29 — June 4, 2016




volume 52 - number 8 - august - 2016 The European Physical Journal volume 52 - number 1 - january - 2016

Recognized by Eurspean Physical Socialy @ Recognized by European Physical Society

Hadrons and Nuclei Hadrons and Nuclei

Inside: Topical Issue on Exotic Matter in Neutron Stars
edited by David Blaschke, Jiirgen Schaffner-Bielich
and Hans-Josef Schulze

Topical Issue on Exploring Strongly Interacting Matter
at High Densities - NICA White Paper
edited by David Blaschke, Jirg Aichelin, Elena Bratkovskaya Valker Friess,

Marek Gazdzick, Jergen Randrup, Oleg Rogachevsky, Oleg Tervaey, Viacheslav Toneey

From:
Neutron star interiors: Theory and reality
by J.R. Stone (left)

Phenomenological neutron star equations of state:
3-window modeling of QCD matter
byT. Kojo (right)

Color-superconducting
strange quark matter ‘ .
(u,d,5 quarks) J quark exchange * -

-quark exchange

25C CFL
csL CFLK’
gCFL  CFLK®
LOFF  CFL=®

From: Thres stagas of tha NIL A accalaraier comalay
by ¥ L Kakalidze ot o

el &) Springer &\ Springer
“aFsim

Societd Italiana
di Fisica

EPJA Topical Issues can be found at http://epja.epj.org/component/list/?task=topic



New Topical Issue: A

Hadrons and Nuclei

The first observation of a neutron star merger
and its implications for nuclear physics

Editors: D. Blaschke (EPJA), M. Colpi, C. Horowitz, D. Radice

Open call for contributions
Deadline — October 2018

Website: https://www.epj.org/open-calls-for-papers/122-epj-a/

Email: david.blaschke@gmail.com , epja.bologna@sif.it
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Backup slides



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

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

quark-glon plasma

~150)
Mel

- -
. hadrons — quarks
Ll o e 1 -
, @ ] 3
hadron nuclear wy X
resonance gas . color superconductivity

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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