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Accretion into collapsed objects 
 Matter accretion toward collapsed stars: 
 

        Energy production with high efficiency! 
 
 
 
 
 
 If matter has enough L an accretion disk forms: 
 
 
 
 
 
 
 Regions of strong gravitational field accessible to study. 
 
 Systems are not �clean�: a variety of effects (plasma, radiative 
  transfer, fluidodynamics, MHD) complicate matters. 

efficiency: ~ 0.1 – 0.5 
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h  HMXB : companion mass M2 > M¤ 
h  Luminous, young, early type (O, B) 
h  Stellar wind fed systems 
h  Often contains an X-ray pulsar 

h  LMXB : companion mass M2 ≤ M¤ 
h  Faint, old, late spectral type (K, M) 
h  Roche-Lobe / Disk fed systems 
h  Often transient system 

High Mass XRB vs. Low Mass XRB 

Neutron Star XRB vs. Black Hole XRB 
ALSO 



Disk accretion onto XRB 
Accretion disk structure 
No ordered B field in BH 
BH or NS? 
 
 BH 

NS 
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Spherical accretion model  

To work out Rm set: 
Ram pressure =  Magnetic pressure   







Different regimes for a rotating magnetic NS:  1 
(Illarionov & Sunyaev 1975) 
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. 
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R(light cylinder) 

R(corotation) 

Accretion regime 
R(m) < R(cor) 

•  accretion onto NS surface (magnetic poles) 
•  energy release  L=GMM(dot)/R* 



Different regimes for a rotating magnetic NS: 2 

M 
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R(magnetosphere) 

R(light cylinder) 

R(corotation) 

Propeller regime 
R(cor) < R(m) < R(lc) 

•  centrifugal barrier closes (B-field drag stronger than gravity) 
•  matter accumulates or is ejected from R(m)  
•  accretion onto R(m): lower gravitational energy released 



Different regimes for a rotating magnetic NS: 3 

M 
. 

R(magnetosphere) 

R(light cylinder) 

R(corotation) 

Radio Pulsar regime 
R(m) > R(lc) 

•  no accretion 
•  disk matter swept away by pulsar wind and pressure 



Why are X-ray transients important ? 

• Physics of accreting 
collapsed stars over a very 
large range of mass inflow 
rates, which is not accessible 
to persistent sources 

Outburst  X-ray luminosities: Lx~ 1037-39 erg/s,  
Quiescent X-ray luminosities: Lx~ 1031-33 erg/s 



Different regimes in Hard XRTs 
(Stella, White & Rosner 1986) (X-ray pulsar/ Be star binaries) 

• Centrifugal barrier likely closes 
close to an outburst end: X-ray 
flux decay should steepen suddenly 

• Self-consistency check of 
interpretation, if P(spin), B and 
distance are measured 



Different regimes for a rotating magnetic NS:  1 
(Illarionov & Sunyaev 1975) 
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Different regimes for a rotating magnetic NS: 2 
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Onset of centrifugal barrier in Hard XRTs 

(Stella, White & Rosner 1986) 

V0332+53 

P=4.4 s, Bcyc~1012 G 

L(min)~1035 erg/s 

 
 

4U0115+63 

P=3.6 s, Bcyc~1012 G 

L(min)~1036 erg/s 

(Tamura et al. 1992) 

Very sharp X-ray luminosity decrease close to outburst end  



Expected mass-energy conversion efficiency in 
Hard XRTs 

 
 

Accretion 
L=GMM/R 

Propeller 
L=GMM/rm   

∝M 9/7 

Centrifugal gap 

X-ray pulsar with P~4 s  B~1012 G 

•  factor of ~400 jump in Lx 
•  very steep dependence on   
M(dot) (not step-like) 

Centrifugal gap expectations 

(Stella et al. 1994; Corbet 1995) 



BeppoSAX observation 4U0115+63 in quiescence 
(Campana et al. 2000) 
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Expected range of centrifugal gap,  
based on measured P, B and distance 

•  Observed Lx within 
centrifugal gap !  

•  Very Large (factor of 
~250) Lx variations!  

•  3.6 s pulsations present 

•  No substantial pulsation 
amplitude  and spectral 
variations 

•  Factor of < 3 variations in M(dot) expected at the most: imply a very steep 
dependence of Lx on M(dot) (power law slope of > 5) 
•  In the centrifugal gap some matter must leak through the barrier and accrete 
onto the NS surface  

First evidence for centrifugal gap ! 



Soft XRTs: the missing link ? 

27.4

Spin-up by accretion paradigm: 
Soft XRTs (like NS low mass  
X-ray binaries) contain old,  
weakly  magnetic NS with  
millisecond periods  

Soft XTRs should be among the progenitors  
of ms radio pulsars 
 
Quiescent Soft XRTs: Lx~ 1033 erg/s  
 
Are there signs of a turned-on rotation powered  
pulsar in quiescent Soft XRTs, when the mass inflow  
rate is very low ? 

Nature of quiescent emission of Soft XTRs 
(Callanan 1989, Kulkarni et al. 1992, Stella et al. 1994) 



Expected mass-energy conversion efficiency in 
Soft XRTs 

(Stella et al. 1994,  
Campana et al .1998) 

P~2.5 ms B~108G 

Propeller 

Radio pulsar 
regime 

L ~ ε Lsd 

. 
Accretion 
L=GMM/R 

Centrif.gap 

 P~ 1.6-4 ms in ~10 LMXRBs (a few XRTs) from burst oscillations 

• small centrifugal gap  
• propeller regime over 
a range of ~100 in 
M(dot) 

•  radio pulsar regime 
for very low mass 
inflow rates: shock 
emission  

Basic  expectations 



Different regimes for a rotating magnetic NS:  1 
(Illarionov & Sunyaev 1975) 
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Different regimes for a rotating magnetic NS: 2 
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Different regimes for a rotating magnetic NS: 2 
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Different regimes for a rotating magnetic NS: 3 
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Radio Pulsar regime 
R(m) > R(lc) 

•  no accretion 
•  disk matter swept away by pulsar wind and pressure 



Soft XRTs: Aql X-1 from outburst to quiescence 

(Campana et al. 1998) 

P = 1.8 ms during bursts 

A 

B 

Two transitions observed in outburst decay: 
A - Lx~ 1036 erg/s, decay ~ 1 d,  
     spectrum hardens 
B - Lx~ 1033 erg/s, levels off,  
     power law component 
     decreases and flattens 



  

Discovery of accreting Millisecond pulsars



  

Discovery of accreting Millisecond pulsars



Accreting ms pulsars show 
that NS in low mass X-ray 
binaries are spun up to ms 
periods. 
 
Do Accreting ms pulsars turn 
on as radio pulsars during 
quiescence? 
 
 

The fundamental plane of pulsars 



Ps=1.5 ms 
 
 
For B~108 G → µ~1026 G cm3,  
LX=1037erg/s → Mdot=5E16 g/s 
 
 

A radio pulsar turning on in quiescence? 

RNS Rm RCO 
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IGR J18245-2452 
L(X-rays) ~ 5 x 1036 erg/s  
Pspin = 3.9 ms 
Porb = 11 hr  
 

l   
 
 
 

  

An accreting ms pulsar in the globular cluster M28 

XMM-Newton 
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Papitto et al. 2013, Nature 

Rotation powered Radio PSR  

Xray PSR accretion powered 



  

Rotationally-powered 
(radio, gamma-ray) 
pulsars

Accretion-powered 
(X-ray) pulsars

Transitional Millisecond Pulsars



  

Plasma ejection events

Radio - X-raysBogdanov+ 2017



  



  

Coherent X-ray pulsations. Accretion power?

PSR J1023+0038 [Archibald+ 2015, ApJ]

XSS J12270-4859 [Papitto+ 2015, MNRAS]



  

Cyclotron emission from the hot-spots?

~30 times lower than observed luminosity even for very large spots



  

Rotationally-powered optical pulsations

Crab/Vela/Geminga
Synchrotron emission of ~ MeV electrons

visible

X-rays

γ-rays



  

A very eCcient optical rotationally-pwd pulsar

Optical pulsars

Non-pulsed 
optical 
emission

L(B-band)/Lspin-down = 5x10-4





Propeller Onset  
Simple theory 

 
 
 

 From observations 

Need an advanced theory of disk–magnetosphere interaction 



Two classes of high energy sources contain magnetars   

                                               Soft Gamma Repeaters             Anomalous X-ray Pulsars 
                                                       SGRs  (1987)                              AXPs (1995) 
 
•  No. of sources     ~10      ~10 

•  Spin Period     2-8 s      2-12 s  

•  Period Derivative   ~10-11 s/s    ~10-11-5x10-13 s/s   

•  Isolated      yes      yes 

•  Recurrent Bursts   ~1038-1041 erg/s   ~1037-1038 erg/s 

•  Giant Flares             yes           no  

•  Persistent emission      ~1035 erg/s   ~1034-1035 erg/s 

•  Association to SNRs       ?     in some cases  

•  Radio pulsations      ?     in some cases  
      

(They are in highly absorbed regions in the galactic plane) 



SGR Bursts  
 
-  Concentrated in time (“outbursts”) 
-  Relatively simple profiles (faster rise than decay) 
-  Broad distribution of wait times (~7 decades) : similar to that of 

earthquakes; no waiting-time correlations  
-  Energy distribution dN/dE ~ E-5/3 : similar to earthquakes 
-  Most bursts release ~1038-1041 ergs 



Giant Flares 

-  1979 March 5 from SGR 0526−66: energy released ~1044 ergs 
-  1998 August 27 from SGR1900+14: energy released ~1044 ergs 
-  Main peak ~0.2 s; variability down to ms, hard BB-like spectrum (kT~ 100 keV)  
-  2-3 min long ringing tail:       (nearly) exponential decay  
                                                    pulsations at 5-8 s (spin period) 
                                                    TB temperature of ~30-50 keV.  
-  In Magnetar model: GFs due to large scale rearrangements of  
            core B-field 

  





Magnetars in our Galaxy   



Magnetars: Neutron Stars powered by magnetic energy 
 
-  “Magnetars” (MAGNEtic sTARS): neutron stars with very high magnetic fields (B>1014G)  
       Why magnetic energy ? (Magnetic energy propagating through fractures in the crust) 
          
          Persistent luminosity  10-100 times higher than spin down power  
             ->  rotational energy ruled out                                  
          Recurrent flares reach 1041 erg/s ~ 1000 LEdd , giant flares 1044 erg/s ~ 106 LEdd  
             ->  accretion energy ruled out 

Fast spin (few ms) and  
differential rotation generate 

internal toroidal field B > 1015 G 



Rotational energy losses are orders of magnitudes smaller (1032-33erg/s)  
than observed Lx!! 

    Persistent X-ray emission of AXPs 

 Erot=IΩΩ=4π2IPP-3 
 .      .       .                                    



Magnetars: Neutron Stars powered by magnetic energy 
 
-  “Magnetars” (MAGNEtic sTARS): neutron stars with very high magnetic fields (B>1014G)  
       Why magnetic energy ? (Magnetic energy propagating through fractures in the crust) 
          
          Persistent luminosity  10-100 times higher than spin down power  
             ->  rotational energy ruled out                                  
          Recurrent flares reach 1041 erg/s ~ 1000 LEdd , giant flares 1044 erg/s ~ 106 LEdd  
             ->  accretion energy ruled out 

Fast spin (few ms) and  
differential rotation generate 

internal toroidal field B > 1015 G 



The B-field of Magnetars  
Very strong internal B-fields in a newborn differentially rotating fast-spinning neutron star 
 
For initial spin periods of  Pi�1–2 ms, differential rotation can store �1052(Pi/1 ms)2 ergs,  
that can be converted into a magnetic field of up to  3x1017 (Pi/1ms)-1 G.  
(efficient dynamo might be limited to ~3x1016 G)                                          (Duncan & Thompson 
1992) 
 

Bd 
Bt 

Bd ~ 1014-15 G  outer dipole field (spin-down, pulsations) 
                      inferred from spin-down rate (and confirmed through the  
                      energetics and fast variability properties of the “ringing tail”  
                      of Giant Flares from SGRs)  
 
Bt > 1015 G      inner toroidal field (energy reservoir):  
                      lower limit from: L(persistent) x age ~ 1047 ergs  
 

Fast spin (few ms) and  
differential rotation generate 

internal toroidal field B > 1015 G 



Bursts/Giant Flares in the Magnetar Model  
 Internal field evolves through ambipolar diffusion, building up magnetic stresses below NS crust  

-  Magnetic elicity fed  
  to NS magnetosphere  
  by local crustquakes 
  of various  amplitude,  
  giving rise to  
  Recurrent bursts   
 
 
 
 
 
-  Giant flares result from large-scale rearrangements of the core magnetic field: 
-  crustal yield strain is overcome, large-scale fracturing occurs that leads to  
        sudden release of very large amounts of energy into the magnetosphere   
 - fireball  of pair-dominated plasma expanding at ~ c -> Initial subsecond Spike of Giant Flares 
 - trapped fireball gives rise to ~300 s oscillating tail  
 
 
 
 
 
 

expanding fireball v~c 

trapped fireball e+e- 



SGR 1806-20: Giant Flare of 2004 Dec 27  

 
     

(Mereghetti et al. 2005) 

(Palmer et al. 2005  
Hurley et al. 2005) 

  Moon reverberation seen ! 


