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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)
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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)
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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

The pulsar in the Crab nebulaThe pulsar in the Crab nebula A binary systemA binary system

For years two main types of  NSs have been discussed:
radio pulsars 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.



  

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.



  

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.



  

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



  

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)
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

Radioquiet
Close-by
Thermal emission
Absorption features
Long periods



  

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 



  

Hulse-Taylor pulsar – binary system
PSR 1913+16

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

Nobel Prize for
Hulse and Taylor



  

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 



  

Superdense objects – what is inside?



  

Superdense objects – what is inside?

Nucleus, A nucleons:  RA=1.2 10-13 cm A1/3; ρ0=A1.67 10-24 g/(4π/3 RA
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 ρ0  



  

Superdense objects – what is inside?

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



  

Quark Matter in Neutron Stars ?



  

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



  

Further reading ...

Norman Glendenning: 
Compact Stars (Springer, 2000) 

Pawel Haensel et al.: 
Neutron Stars (Springer, 2007) 

Fridolin Weber: 
Pulsars as astrophysical laboratories ... 
(IoP Publ., 1999)

Stuart Shapiro & Saul Teukolsky: 
Black Holes, White Dwarfs & Neutron Stars 
(Wiley, 1983)

David Blaschke et al. (Eds.): 
Physics of Neutron Star Interiors (Springer, 2001)

D. Blaschke, J. Schaffner-Bielich, H.-J. Schulze (Eds.): 
Topical Issue on Exotic Matter in Neutron Stars, 
EPJA 52 (2016) 

https://www.litres.ru/sergey-popov-3/superobekty-zvezdy-razmerom-s-gorod/
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