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What is a neutron star?

Angular momentum
conservation 

⇒ rapid rotation.

Magnetic field
conservation  ⇒ high B.

NS crust is the strongest 
imaginable material

(Star corpses...)Cadavres exquis



  The main sequence

Life and depth of the stars
The Sun case

introduction



  The main sequence

4 H  He

p-p chain (M ≤ ≈M


) CNO cycle (M ≥ 1.5M


)



  Stellar evolution

H-R diagrams



  Stellar evolution

3- 3- αα

Thermonuclear 
cycles in red giants



  Stellar evolution

Shell fusion

C



  Stellar evolution

The Sun life (II)



  Stellar evolution

White dwarfs

ChandrasekharChandrasekhar
limitlimit



  Stellar evolution

Summary

Low-mass star evolution in the HR-diagram



  Stellar evolution

High-mass stars
M > 8 M





  Stellar evolution

Further nucleosynthesis



  Stellar evolution

Nuclear onion

Massive stars
only

Stage before
star's death

Star's core
R≈10.000 km
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  Stellar evolution

The explosion engine
Mcore > 1.4 M



Photodisintegration

ν  + neutrons



  Stellar evolution

Towards the neutron star



  Stellar evolution

The black hole case



Comparative sizes 

Ratio ~108



A star the size of Copenhagen...

… but 1.5−2 × the mass of the Sun

T ~106 K
R ≈10 km

L 4 R2 T 4



The Crab pulsar and nebula

30 Hz radio emission

X-ray pulsar



N

S

B~1012 – 1015 Gauss

A stellar dynamo



End of the story?
… Not if the stars live in pair…



  Stellar evolution

Mass transfer in close binaries

Symbiotic binaries



Binary systems



X-ray binaries



Binary evolution to double pulsar







JEM-X – The X-ray Monitor onboard INTEGRAL



The Galactic Center region as seen by JEM-X

>90 X-ray bursters known to date; ~2/3 located in the Galactic Bulge

2˚
N

GP

       



X-ray bursters



X-ray bursts

X-ray bursts are thermonuclear explosions in the surface layers of a X-ray bursts are thermonuclear explosions in the surface layers of a 
neutron star accreting H and/or He from the envelope of a companion star. neutron star accreting H and/or He from the envelope of a companion star. 
Their emission is described by blackbody radiation with peak temperature Their emission is described by blackbody radiation with peak temperature 
≈≈2 keV and X-ray softening during the decay.2 keV and X-ray softening during the decay.



OBSERVATIONS

He flash
H/He tail



Example 1: X-ray burst detection in JEM-X images

         
       
       
       
       

   
      
       

   

         
       
       
       
       

   
      

       
       
      

              
   

         
       
       
       
       

   
      
       

   



← slew!

(Burst 2)



Investigation method

T i m e   r e s o l v e d   s p e c t r a l   a n a l y s i s

Standard method: cut the burst in short time intervals 
and  model the burst emission by black-body spectra



Blackbody radiation

X-ray bursts are characterized by a ≈2 keV (T ≈ 25∙106  K) blackbody 
emission and exponential decay with cooling.

Spectral intensity ≡ Planck Function: 

Wien displacement law: hνMax = 2.82 kT

⇓
Maximum burst emission (5-6 keV) in JEM-X

Thermonuclear explosions



  Neutron stars

Blackbody emission

.⇒ L 4 R2 T 4



  Neutron stars

Blackbody emission from a neutron star
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Flux conservation: L = Φ

(Stefan’s law)

The distance d is typically that to the centre of the Galaxy ≈ 25.000 l.yr. 
The measured radius is ≈ 10 km.

So the ratio is ≈1/23.000.000.000.000.000



  Neutron stars

 X-ray bursts as standard candles: if L= LEdd ⇒ 
distance

Application
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: upper limit to distance

Flux conservation: L = Φ



  Neutron stars

Ordinary 
He bursts

Ordinary 
H bursts

 Unusual 
long bursts

Superbursts

More or less long bursts

Distribution of the X-ray bursts as a function of their exponential decay time



  Neutron stars

Superbursts
Compared to normal type I X-ray bursts, superbursts are ~1000 times 
more energetic (Eb ≈1042 ergs), ~1000 times longer (from hours to half 
a day), and have recurrence times of the order of years. They are very 
rare, only 15 such events having been found from 8 sources.

Superburst from 4U 1820-30 
on 9/9/1999 (Kuulkers, 2003)

Superbursts display the same properties as 
usual X-ray bursts.
They are thought to arise from Carbon shell 
flashes in the sub-layers where heavy 
elements have previously been produced 
through the occurrence of H/He bursts. 
Their long duration is explained by their 
depth below the surface.



  Neutron stars

Intermediate long bursts

Only 14 bursts have shown a duration of 
a few tens of minutes 

6 of them have been observed by JEM-X!



THE END ?

Suggested literature: “Dragon’s egg” by Robert Forward
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