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0.08	  -‐	  3	  
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8	  -‐	  19	  
19	  -‐	  25	  

25	  -‐	  40	  
40	  -‐	  120	  

White	  Dwarf	  

Disintegration	  (?)	  

Neutron	  Star	  

Neutron	  Star	  or	  
Black	  Hole	  

Black	  Hole	  

Black	  Hole	  

Planetary	  Nebula	  

Supernova	  

Supernova	  

Supernova	  

Supernova	  

Direct	  Collapse	  





Ordinary	  Star	  +	  White	  Dwarf	  
Sirius	  :	  α	  	  Canis	  Maior	  

Located	  at	  about	  9	  a.l.	  with	  an	  
orbital	  period	  of	  about	  50	  yrs	  



Located	  at	  about	  	  11.4	  a.l.	  with	  
orbital	  period	  of	  about	  680	  years	  

Ordinary	  Star	  +	  	  Ordinary	  Star:	  	  
The	  ”flying	  star”	  of	  Piazzi:	  61	  Cygni	  in	  Cygnus	  



In	  most	  cases,	  the	  life	  in	  a	  couple	  
strongly	  modify	  the	  	  evolution	  of	  the	  

single	  stars	  as	  a	  consequence	  of	  	  	  	  
mass	  exchange	  

In	  this	  way,	  the	  involved	  stars	  can	  have	  
features	  at	  variance	  with	  those	  of	  the	  

stars	  evolving	  in	  isolation	  and	  pathways	  
are	  available	  to	  produce	  	  	  	  

exotic	  stars	  and	  binary	  systems	  	  



In	  a	  fully	  conservative	  system:	  	  

redistribution	  of	  mass	  closer	  to	  the	  centre	  of	  mass	  	  orbit	  widens	  
redistribution	  of	  mass	  farther	  from	  the	  centre	  of	  mass	  	  orbit	  shrinks	  

However	  there	  are	  at	  least	  two	  additional	  mechanisms	  for	  close	  orbits:	  	  	  

magnetic	  braking	  	  orbit	  shrinks	  
gravitational	  waves	  quadrupole	  emission	  	  orbit	  shrinks	  

Inner	  Lagrangian	  point	  L1	  

Outer	  Lagrangian	  point	  L2	  



That	  rivals	  (and	  overcomes	  for	  NS	  and	  BH)	  
the	  efficiency	  of	  the	  nuclear	  burning,	  for	  

which	  ηnuclear	  ≈	  0.007	  

€ 

1.3 ×1033 ˙ M 16(Mwd / Msun )(109cm /Rsurf )erg /s

=

1.3 ×1036 ˙ M 16(Mns / Msun )(10 km /Rsurf )erg /s

€ 

Laccretion =
GM ˙ M 
Rsurf

€ 

LBH
accretion =

2ηGM ˙ M 
Rschw

=η ˙ M c 2 with	  ηaccretion≈0.1	  



€ 

hν bb ≈ kBTbb = kB (
Laccretion
4πσ SBRsurf

2 )0.25

hν th ≈ kBTth = kB (
GMmp

3kBRsurf

)

€ 

1 keV ≤ hν ns ≤ 50 MeV
6 eV ≤ hν wd ≤10 keV

€ 

(GMmp − Laccretion
σT
(4πc))

⎡ 
⎣ ⎢ 

⎤ 
⎦ ⎥ 
1
r2

1)  Steady accretion
2)  Spherical symmetric accretion 

€ 

LEdd = 4πGcMmp σTh =1.3 ×1038 M
Msun

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ erg /s



In	  order	   for	   the	  matter	   to	  get	   rid	  of	  part	  of	   its	  
angular	   momentum	   and	   then	   approach	   the	  
compact	  star,	  an	  accretion	  disk	  must	  form	  	  

The	  B-‐field	  starts	  dominating	  at	  rmag	  	  

€ 

rmag
wd = 5.5 ×103M1 7R9

−2 7L33
−2 7µ30

−4 7 km

rmag
ns = 2.9 ×103M1 7R6

−2 7L37
−2 7µ30

−4 7 km

r	  mag	  



ATNF	  Pulsar	  Catalogue	  



tangential	  	  
velocity	  





Mildly	  recycled	  
pulsars:	  	  

e.g.	  double	  
neutron	  stars	  via	  	  
NS-‐HMXB	  	  stage	  

Fully	  recycled	  
pulsars:	  	  

in	  most	  cases	  	  
millisecond	  

pulsars	  +	  White	  	  
Dwarfs	  via	  	  	  	  	  	  	  	  	  	  	  

NS-‐LMXB	  stage	  
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∼	  10	  Msun	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ∼	  6	  Msun	  

The	  most	  massive	  star	  evolves	  first	  and	  could	  
transfer	  mass	  to	  the	  	  companion	  star	   Esplosione di Supernova 

According	  to	  the	  amount	  of	  accreted	  mass	  
and	   the	   amount	   of	   	   mass	   ejected	   during	  
the	   supernova	   explosion,	   the	   system	   can	  
remain	  bound	  

Ordinary	  star	  and	  
Neutron	  star	  in	  an	  
eccentric	  orbit	  	  

Rapid	  evolutionary	  timescale	  of	  the	  Donor	  star	  :	  small	  ri-‐acceleration	  	  of	  the	  
Neutron	  star:	  Neutron	  Star	  High	  Mass	  X-‐ray	  Binary	  (NS-‐HMXB)	  stage	  

Evolution	  of	  2	  initially	  massive	  
stars:	  stage	  I	  

First	  Supernova	  
explosion	  



Neutron	  star	  +	  Supergiant	  star	  
Centaurus	  X-‐3	  in	  Centaurus	  

At	  about	  18000	  a.l.:	  X-‐ray	  binary	  with	  an	  orbital	  period	  of	  about	  2	  days	  	  



∼	  1.4	  Msun	  	  	  	  	  	  	  	  ∼	  1.4	  Msun	  

In	  suitable	  (rare)	  
conditions,	  	  the	  couple	  
remains	  bound	  

Two	  Neutron	  Stars	  
in	  an	  eccentric	  
orbit	  

Evolution	  of	  2	  initially	  massive	  
stars:	  stage	  II	  

Neutron	  Star	  High	  Mass	  X-‐ray	  Binary	  (NS-‐
HMXB)	  stage	  

Second	  supernova	  explosion	  



Neutron	  star	  +	  Neutron	  star:	  
JO737-‐3039A/B	  (the	  	  Double	  Pulsar	  )	  

At	  about	  2000	  a.l.:	  two	  neutron	  stars	  
orbiting	  each	  other	  in	  	  

about	  2.5	  hours	  
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Ordinary	  relatively	  light	  star	  and	  
a	  Neutron	  star	  in	  an	  eccentric	  
orbit	  	  

>	  8	  Msun	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ∼1	  Msun	  

In	   a	   supernova	   explosion,	   the	   system	   can	   remain	   bound	   if	   the	  
ejected	  mass	   <	   ½	  Mtot.	   	   	   This	   is	   possible	   if	   there	   was	   enough	  
accretion	  onto	  the	  secondary.	  	  

Otherwise,	   the	   binary	   is	   preserved	   by	   the	   occurrence	   of	   a	  
suitably	  directed	  “kick”	   imparted	  to	  the	  new	  born	  neutron	  star	  
in	  the	  supernova	  explosion	  

Long	  lasting	  evolutionary	  timescale	  of	  the	  Donor	  star	  :	  
strong	  ri-‐acceleration	  	  of	  the	  Neutron	  star	  reaching	  
Millisecond	  spin	  period:	  Neutron	  Star	  Low-‐Mass	  X-‐ray	  
Binary	  (NS-‐LMXB)	  stage	  

The	  most	  massive	  star	  evolves	  first	  and	  could	  
transfer	  mass	  to	  the	  	  companion	  star	  

Evolution	  of	  a	  massive	  and	  a	  
light	  star	  

Supernova	  
explosion	  



A	  system	  unambiguously	  linking	  Accreting	  X-‐ray	  millisecond	  pulsars	  and	  
Radio	  millisecond	  pulsars	  was	  unsuccessfully	  sought	  for	  3	  decades...	  	  	  



non	  GC	  binaries	  with	  Ecc	  <	  0.1	  

Thus,	  other	  tests	  were	  proposed	  to	  support	  the	  recycling	  model	  for	  radio	  MSP	  
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Neutron	  star	  +	  Roche	  lobe	  filling	  “pear-‐shaped”	  star	  
PSR	  	  6397A	  +	  COM	  6397A	  

At	  about	  7000	  a.l.:	  eclipsing	  binary	  pulsar	  in	  the	  globular	  cluster	  NGC	  6397	  
The	  RED	  BACK	  stereotype	  



Fermi	  ‘spiders’	  
Black	  Widow	  and	  Redback	  pulsar	  

binaries.	  
So	  named	  because	  they	  
‘devour’	  (ablate)	  their	  

companions	  



Fermi	  ‘spiders’	  in	  the	  Galactic	  field	  
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In	  the	  Galactic	  field	  
	  	  3	  BW,	  	  1	  RB	  pre-‐Fermi	  	  
16	  BW,	  	  9	  RB	  post-‐Fermi	  	  





VLMBPs	  (many	  
eclipsing)	  
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	  	  	  	  Binary	  Pulsars	  @	  mid	  2012	  

103	  with	  P	  outside	  GCs	  
.	  




