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Prediction ...

Neutron stars have been predicted in 30s:

L.D. Landau:   Star-nuclei (1932) + anecdote

Baade and Zwicky: 
           neutron stars and supernovae (1934) (Landau)

(Baade)

(Zwicky)



Shapiro,Teukolsky (1983)

(from lectures by D. Yakovlev)

(see detailed description in the book by Haensel, Yakovlev, Potekhin and
in the e-print arXiv: 1210.0682)



Physikalische
Zeitschrift der Sowjetunion
Vol. 1, No. 2, 285-188, 1932
Written: Feb. 1931, Zurich
Received: Jan. 7, 1932
Published: Feb. 1932

Landau paper BEFORE neutron discovery 



This is correct!

Disappered in reprints,
so we have difficulties



Baade and Zwicky – theoretical prediction

W. Baade (Mt. Wilson Observatory) 
 

F. Zwicky (Caltech)

The meeting of American Physical 
Society 

(Stanford, December 15-16, 1933) 
Published in Physical Review 
(January 15, 1934)



Phys. Rev. 46, 76, 1934 (July 1)



Good old classicsGood old classics

Crab nebula: a SN remnantCrab nebula: a SN remnant A binary systemA binary system

For years two main types of  NSs have been discussed:
NSs in supernova remnants and accreting NSs in close binary systems



The old zoo of neutron stars
In 60s the first X-ray sources have been discovered.

They were neutron stars in close binary systems, BUT ...
 .... they were «not recognized»....

Now we know hundreds
of X-ray binaries with 
neutron stars in the 
Milky Way and in other 
galaxies.



Rocket experiments
Sco X-1

Giacconi, Gursky, Hendel

1962 

In 2002 R. Giacconi 
was awarded with the
Nobel prize.



Vela satellites ...
... were launched pairwise in 1963, 1964, 
1965 to monitor the Partial Test Ban 
Treaty (1963)

July 2, 1967: Vela 3 and 4 detect gamma 
flash; more flashes detected afterwards;
Los Alamos team determined positions – 
terrestrial or solar origin excluded
(files declassified in 1973)

Pulsed gamma 
Radiation from 
Vela pulsar 



Close binary systems

About ½ of massive stars
Are members of close binary
systems.

Now we know many dozens 
of close binary systems with
neutron stars.

•
L=Mηc2 

The accretion rate can be up to 1020 g/s;
Accretion efficiency – up to 10%;
Luminosity –thousands of hundreds of the solar.



Discovery !!!!
1967:  Jocelyn Bell discovers pulsating radio frequency
Source, pulse interval 1.34 sec; pulse duration 0.01 sec
→ radio pulsars! (Nobel prize 1974 for Anthony Hewish)
Today more than 2500 pulsars, some have extremely 
Stable frequency: ΔT/T ~ 1 sec / 100 million million years



Discovery !!!!
1967:  Jocelyn Bell discovers pulsating radio frequency
Source, pulse interval 1.34 sec; pulse duration 0.01 sec
→ radio pulsars! (Nobel prize 1974 for Anthony Hewish)
Today more than 2500 pulsars, some have extremely 
Stable frequency: ΔT/T ~ 1 sec / 100 million million years

1968: Thomas Gould explains high precision by rotation
Only small objects (R~10 km) can have so short pulses  



The pulsar in the Crab nebula

1969: Discovery of the pulsar
In the Crab nebula. 



The pulsar in the Crab nebula

1969: Discovery of the pulsar
In the Crab nebula. 

Connection established:
Supernova-Neutron Star-Pulsar



Pulse shapes and el.-magn. spectrum



Pulsar sounds ...

Little Green Men

LGM-1 ... PSR B1919+21 ;   CETI ... SETI



The life cycle of stars



Statistics of Pulsars 

Magnetars: 
B > 1015 Gauss

Young pulsars: 
P < 1 sec 
B ~ 1012 Gauss 

Recycled (old) Pulsars: 
P ~ few milliseconds
B ~ 108 Gauss



The old Zoo: young pulsars & old accretorsThe old Zoo: young pulsars & old accretors



ROSAT

ROentgen SATellite

Launched 01 June 1990. 
The program was successfully ended
on 12 Feb 1999. 

German satellite
(with participation of US and UK).



Close-by radioquiet NSsClose-by radioquiet NSs

 Discovery: Walter et al. 
(1996)

 Proper motion and 
distance: Kaplan et al.

 No pulsations
 Thermal spectrum
 Later on: six brothers

RX J1856.5-3754



Magnificent Seven (M7)

x

Radioquiet
Close-by
Thermal emission
Absorption features
Long periods

Name Period [s]

RXJ 1856 7.05

RXJ 0720 8.39

RBS 1223 10.31

RBS 1556 6.88?

RXJ 0806 11.37

RXJ 0420 3.45

RBS 1774 9.44



Close-by radioquiet NSsClose-by radioquiet NSs

 Discovery: Walter et al. 
(1996)

 Proper motion and 
distance: Kaplan et al.

 No pulsations
 Thermal spectrum
 Later on: six brothers

RX J1856.5-3754



Resolution of radius puzzle for RX J1856 ?

Blackbody fits to the optical
And X-ray spectra
(Truemper et al., 2004)

Two-component model or
Model with continuous 
T-distribution (hot spots)

Radius determination
--> EoS 
--> matter at high densities   



Double Neutron Stars and Millisecond Pulsars



Double Neutron Stars and Millisecond Pulsars



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

Space-Time Matter

Massive objects curve the Space-Time

Non-rotating, spherical masses → Schwarzschild Metrics

Einstein eqs. → Tolman-Oppenheimer-Volkoff eqs. 
For structure and stability of compact stars 

Newtonian case x GR corrections from EoS and metrics 



The 1:1 relation P(ε) ↔ M( R ) via TOV

ε

Simple examples*)

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
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The 1:1 relation P(ε) ↔ M( R ) via TOV
Equation of State from Mass and Radius observations *)

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

PSR J1614-2230  
Demorest et al., Nature (2010)MSP with period  P=3.15 ms

Pb = 8.68 d, e=0.00000130(4)

Inclination angle = 89.17(2) degrees !

Precise masses derived from 
Shapiro delay only:

Update [Fonseca et al. (2016)] 



PSR J1614-2230

A precise AND large mass measurement

Shapiro delay:



The big one: PSR J0348+0432



PSR J0348+0432 



GR test / better mass measurement



NS Masses and Radii ↔ EoS 



NS Masses and Radii ↔ EoS 

www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html



Hulse-Taylor pulsar – binary system
PSR B1913+16  (now J1915+1606)

Excellent confirmation of Einstein theory of GW emission by observation of period decay

Nobel Prize for
Hulse and Taylor
(1993)



Direct measurement of gravitational waves – 
merging of two massive black holes (2015)

First detection of gravitational waves 
September 14, 2015 at 5:51 a.m. EDT
(LIGO Collaboration)

Source at 410(18) Mpc [z=0.09(4)]

Initial black hole masses:
    36(5) Mo and 29(4) Mo
Final black hole mass: 
    62(4) Mo

Energy release in gravitational waves
    3.0(5) Mo c2

Phys. Rev. Lett. 116, 061102 (2016)

Nobel Prize Physics 2017 !! Rainer Weiss, Barry C. Barish, Kip Thorne 



Ultimate goal: neutron star merger ! 

*) A. Feo, R. DePietri & F. Maione, Class. Quant. Grav. 34 (2017) 034001 

Simulated NS-NS merger events *)
--> Sensitivity to the NS equation of state! 

Expected rate ~ 0.2 – 200 events/year for
LIGO/Virgo Collaboration in 2016 - 2019 



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 !!

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

Constraint on neutron star maximum mass 

M<2.17 M_sun (arxiv:1710.05938)

Constraint on parameter  (Λ<800) 

Dimensionless tidal deformability  



NS Masses and Radii ↔ EoS 

www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html



Measure NS Radii ...

Thermal lightcurves: NS with “hot spots”

K.C. Gendreau et al., Proc. SPIE 8443 (2012) 844313 – launch: 2017; results: 2019, 2021 



New NICER mass-radius data  
PSR J0740+6620  
(Riley et al., arxiv:2105.06980
Miller et al., arxiv:2105.06979)

LVC radius constraint 
GW170817
(Abbott et al., PRL (2018))
NICER mass -radius constraint
PSR J0030+0451
(Miller et al., ApJLett. (2019))
PSR J0740+6620
(Miller et al., arxiv:2105.06979)

Hypernuclear EoS out ?! 
→ stiff hypernuclear matter
→ early onset of deconfinement 
     (M_onset < 1.5 M_sun)

New quark matter paradigm:
→ deconfinement to stiff QM EoS
→ hybrid stars larger, higher M

max
   

New constraints on NS mass and radii ! 



GW190814 - Enigma
Heaviest NS or Lightest BH ??  
M

1
 = 22.2 – 24.3 M

O

M
2
 = 2.50 – 2.67 M

O
 

(Abbott et al., ApJL 896 (2020) L44)

LVC radius constraint 
GW170817
(Abbott et al., PRL 121 (2018) 161101)
NICER mass -radius constraint
PSR J0030+0451
(Miller et al., ApJLett. 887 (2019) L24)
PSR J0740+6620
(Miller et al., ApJLett. 918 (2021) L28)Ayriyan, Blaschke, Alvarez-Castillo et al., EPJA 57 (2021) 318

New constraints on NS mass and radii ! 



Superdense objects – what is inside?



Superdense objects – what is inside?

Nucleus, A nucleons:  R
A
=1.2 10-13 cm A1/3; ρ

0
=A1.67 10-24 g/(4π/3 R

A
3)= 2.3 1014 g/cm3

Neutron star:  R= 10 km; ρ= 2 Mo/(4π/3 R3) = 4 1033 g/(4 1018 cm3)= 1015 g/cm3 = 4 ρ
0
  



Superdense objects – what is inside?

F. Weber:
“Neutron stars -
Cosmic Laboratories ...”
IoP Bristol, 1999



Quark Matter in Neutron Stars ?
If the two high-mass pulsars (2 Mo),
PSR J1614-2230 & PSR J0348+0432,
would have significantly different radii,
Say 11 km and 13 km, then they could 
be considered as “high-mass twin stars”,
i.e. Objects that would provide evidence
For a strong first-order phase transition
(to quark matter) in compact stars.

This would be evidence for the existence
Of a critical endpoint in the QCD phase
Diagram that is searched for in heavy-ion
Collision experiments, also at NICA.

D. Blaschke et al., arxiv:1310.3803
S. Benic et al., A&A 577 (2015) A40
D. Alvarez-Castillo et al., 

EPJA 52 (2016) 232     



Quark Matter in a Binary NS merger ?
Population of the QCD Phase Diagram – Quark Matter and Mixed Phase 
Simulation of a BNS merger 1.35+1.35 solar masses, time = 6 … 25 ms
S. Blacker, A. Bauswein et al., Phys. Rev. D 102 (2020) 123023



Hybrid Compact Stars birth in Supernova?
Quark Deconfinement as a supernova explosion mechanism for massive blue 
supergiant stars (M = 50 M_sun);  T. Fischer et al., Nature Astron. 2 (2018) 980



Neutron stars are Super-Stars! Pines theorem (1990)
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Backup slides

Cassiopeia A –  remnant of 
a supernova from 1680
(observer: John Flamsteed)



A recent, nearby supernova ...

23.02.1987
Supernova 1987A 
in the Large 
Magellanic Cloud is 
observed on Earth ...
... first time also a 
neutrino signal of a 
SN is detected

How do SN explode?
Ask Tobias Fischer at
Wroclaw University!



Accretion in close binaries

Accretion is the most powerful
source of energy
realized in Nature,
which can give a huge
energy output.

When matter falls down 
onto the surface of a 
neutron star up to 10%
of  mc2 can be released.



Accretion disc

The theory of
accretion discs
was developed 
in 1972-73 by
N.I. Shakura and
R.A. Sunyaev. 

Accretion is 
important not only
in close binaries,
but also in 
active galactic 
nuclei and many
other types of
astrophysical 
sources.



UHURU

The satellite was launched on 
December 12, 1970.
The program was ended in
March 1973. 
The other name SAS-1

2-20 keV

The first full sky survey.
339 sources.
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