
Millisecond timing X-ray binaries 

•  First of several 
     more talks: 

  Altamirano, Patruno, Mendez,  
  Belloni, Done, Misra … 

•  History 
•  Methods 
•  Themes 
•  Current status 
•  News 
•  Prospects 

• Strong field gravity 
• High density matter 

• Pulsar recycling 

Predictions of millisecond 
variability 

•  Random luminosity variations expected 10-5-10-2 s  
(Svartzman 1971) 

•  Millisecond wavetrains due to clumps near ISCO 
(Sunyaev 1973) 

•  Detect neutron star spin during X-ray bursts                                 
(Livio & Bath 1982) 

•  Millisecond accreting pulsars 
     (Alpar et al. 1982, Radhakrishnan & Srinivasan 1982, Cheng 1984) 





Horizontal-branch QPOs  
in GX 5-1 

•  Intensity dependent 20-40 Hz QPO 
•   15-60 Hz; 16 milliseconds 

•  QPO frequency depends on X-ray  
count rate 

•  Alpar & Shaham (1985): beat frequency 
model:   νQPO = νorb – νspin 
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General relativistic orbital motion 

Schwarzschild: 

ISCO 
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Fourier power spectra 
Periodic signal with noise 

Time domain 

Frequency domain 



Quasi-periodic oscillation 
(QPO) 

Time domain 

Frequency domain 

Lorentzian : P(ν) = r2Δ
π

1
Δ2 + (ν − ν0 )2

Centroid frequency  : ν0              Half − width  :Δ  
  

Characteristic frequency :νmax = ν0
2 + Δ2

For narrow QPOs:                  νmax ≈ ν0

For broad noise components: νmax ≈ Δ

                                                  Q ≡ ν0 / 2Δ

Lorentzians 

BPK 2002 



rms = Variance = power∫

r = source fractional rms = rms S

Fractional rms amplitude 

amplitude of source variability 

background flux 

source flux 

integrated power 

Noise powers: white noise, distributed as chi-squared 
with 2 dof  (χ2

2 = exponential distribution)
M times averaged noise powers distributed as χ2M

2

Distribution tends to normal as M →∞

Signal to noise:  nσ =
1
2
r2 T

Δν
S2

(B + S)

Poisson noise power spectral 
statistics 

noise powers 

Δν = FWHM



Instrumental deadtime 

non-paralyzable 

paralyzable 

•  Differential deadtime 

•  Deadtime induced channel cross-talk 
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“not the fraction but the process” 

4 kHz 
194 kHz 

RXTE 
PCA 



Physics aims – ‘holy grails’ 
  General relativity in strong-

field regime 
  ISCO, epicycles, black hole 

existence 
  Equation of state 

supranuclear density matter 
  neutron star interiors 

  Millisecond accreting pulsars 
  progenitors millisecond radio 

pulsars, recycling 

One down, two to go!!

✔ 

… 

… 

Themes 
•  Distinction Z & atoll sources 

–  Relation Ṁ, Lx with spectral/timing states 

•  Nature of black hole  states 
–  Relation Ṁ, Lx with spectral/timing states 

•  Lack of msec pulsars 
–  Relation with burst oscillations 

•  Link of kHz QPOs with orbital motion & spin 
–  Models 



Hasinger & van der Klis 1989 

Timing depends on 
position in one-dimensional 
color - color track. 

This defines source states, 
recurrent patterns of 
correlated X-ray spectral  
and timing behavior. 

Colors and timing are  
required to determine  
source state and - type. 

Lx - state relation complex, 
role of Ṁ unclear: 

“would need to find a                                                                        
transient Z source”  ☺ 

Ṁ Ṁ 

Neutron stars 

Gierlinski & Done 2002 

Muno et al. 
2002 

Transient atoll sources: 
Z? 

Langmeier et al. 1987 

4U 1705-44 

Z 

Transient atoll 



Transient atoll is like a transient 
black hole 

Neutron star Black hole 

low hard low hard (extreme island) 

high soft high soft (banana) 

XTE J1701-462 

Homan et al. 2010 
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van der Klis 2001 
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Observed: state (ν) depends not on Lx, 
but on Lx /⟨Lx⟩ 
Model: state is set by rin, which depends 
on balance between Lx and Ṁdisk 

Count rate 
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Black hole states 1-dim – Ginga 

Miyamoto et al. 1993 van der Klis et al. 1995 

Mendez&vdK 1997, Belloni et al. 1997: 
intermediate state, power spectra like very high state, but lower Lx  

HARD 

SOFT 

very 
high 

high low 

Homan et al. 2001 

hard flares 

hard flares 
Homan et al. 2001 

Black hole states 2-dim 
in XTE J1550-564 

2-12 keV 

similar power spectra 



NS spin 
•  Accreting msec pulsars 
•  Burst oscillations 

NS flow 
•  Kilohertz QPOs 
•  Hectohertz QPOs 
•  more … 

BH flow 
•  High-frequency QPOs 

RXTE msec timing 
discoveries 

Numerous high 
frequency QPO types 
Seven in neutron stars, two in black 
holes  >100 Hz – likely more still hiding 

kHz QPOs hHz QPO 

   hHz 
harmonic? 

kHz QPOs 

sidebands 

upper kHz QPO 

410 Hz QPO 

HF QPOs 
2:3? 

nearly all have hard spectra! 
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Accreting millisecond pulsars 

Psaltis & Chakrabarty 1999 

Source               Freq.  
Swift J1756.9-2508   182.1    
XTE J0929-314   185.1    
XTE J1807-294   190.6    
NGC 6440 X-2   205.9    
IGR J17511-3057   244.8    
XTE J1814-338   314.4    
HETE J1900.1-2455   377.3   i 
SAX J1808.4-3658   401.0 
XTE J1751-305   435.3 
SAX J1748.9-2021   442.4   i 
Swift J1749.4-2807   517.9 
Aql X-1    550.3   s 
4U 1636-53   581.9   s 
IGR J00291+5934   598.9 

13 AMXPs known; some are intermittent or sporadic pulsars – clue to why so few? 

Wijnands & van der Klis 1998 

Altamirano et al. 2008 



νs 

typical non-pulsars 

3 persistent pulsars 

Burst oscillations:  
anisotropic nuclear emission 
showing spin of neutron star  

Aql X-1 

HETE 
J1900.1-2455 

2 intermittent/sporadic pulsars 

νpulse	

 Maybe whatever makes the pulsar 
persistent (B) also fixes the nuclear hot 
spot in the pulsar frame  
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Kilohertz quasi-
periodic oscillations 

Sco X-1 

van der Klis et al. 1995 

νℓ 

νu 

Δν	



GX 17+2 

Homan et al. 2002 

peaks move 
“hand in hand” 

Δν	



kHz QPOs: a direct signal 
from strong field gravity 

QPO models 
•  Beat frequency model 

–  Spin and orbit interact  

•  Relativistic/spin resonances 
–  At preferred radii in the disk, GR orbital and 

epicyclic frequencies, and spin resonate.   

•  RMHD disk & hot spot 
frequencies 
–  Various radiation-MHD disk modes and            

surface processes may produce QPOs 

•  Relativistic precession 
–  Relativistic epicyclic motion provides  
    additional frequencies 

νbeat = νorb  - νspin rres 



kHz QPO  orbital 
interpretation 

•  Upper kHz QPO frequency interpreted 
in most models as GR orbital frequency 
at preferred radius in the disk (e.g. 
edge) 

•  If true, immediately constrain neutron 
star parameters 

•  QPOs vary in frequency,  but always 
≲1.3 kHz (while observations sensitive 
to >2kHz) 

•  An ISCO frequency of 1.3 kHz 
corresponds to a neutron star mass of 
~2 Mʘ 

Miller et al. 1998 

Q 

Barret et al. 2006 

kHz QPOs and spin 
•  Beat frequency 

model predicts   
∆ν≈ the spin. 

•  νbeat = νorb – νspin 

 νorb – νbeat = νspin  

•  SAX J1808 
disproves this:   
∆ν≈ half the spin. 

SAX J1808.4-3658 
Wijnands & van der Klis 
1998 

401 
Hz 195 

Hz 

orb    beat 



‘Under certain conditions such 
resonances might also involve 
the spin frequency’  

ν1 -ν2 = nνspin / m,   e.g.,  = νspin / 2  

‘At particular fixed radii in the 
disk resonances can occur between 
relativistic orbital and epicyclic 
frequencies’  

 ν1 /ν2 = n / m,   e.g.,   = 2/3 

Resonance models 
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pulsations 
burst oscillations vdK et al. 2004 

Yin et al. 2007 

Mendez Belloni 2007 

18
07

 

18
08

 

A
ql

 X
-1

 

17
51

1 



bursters 

ms pulsars 

Cir X-1 
Z sources 

2.4 
1.9 

1.4 

ms pulsars 

Cir X-1 

bursters 

Z sources 

RPM for MNS = 

j=0 
j=0.2 

2/3 RRM 

BFM for  
Δν=300 Hz !



Prospects 

•  ASTROSAT 
•  AXTAR 
•  LOFT 

12 m2 

4 m2 


