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✤ First detection: Cen X-3

✤ Uhuru satellite: 1971

Coherent signals: X-ray pulsars



✤ Magnetized NS accreting from a 
non-collapsed star

✤ A fraction of the X rays are 
modulated at the spin period

Accreting X-ray pulsars

Spin axis Magnetic
axis

X rays B=1012-13 G

Pulse periods from 
69 ms to 3 hr



✤ Periodic signal

✤ Higher armonics: non-sinusoidal

✤ Broad noise

✤ Even Quasi-Periodic Oscillations 
(QPO)

Accreting X-ray pulsars

EXO 203+375



✤ Orbital variations

✤ Spin-up due to accretion

✤ Not steady as expected

Period variations



✤ Orbital variations

✤ Spin-up due to accretion

✤ Not steady as expected

Folding and pulse shape



✤ Pulsations as a function of energy

✤ Complicated pulse shapes

Pulse shapes



✤ 15s pulsar with “flares”

Peculiar objects



✤ Magnetic field 108-109 G

✤ Some are (ms) pulsars, most are not

✤ Late spectral type companion

✤ Accretion disk extends closer to the NS

✤ Inner disk region: GR effects

Neutron-star LMXBs



✤ No magnetic field

✤ None are pulsars

✤ Late spectral type companion (but not 
only)

✤ Accretion disk extends closer to the BH

✤ Inner disk region: GR effects

Black-hole LMXBs



✤ Accretion disk structure

✤ Black hole or neutron star?

BH vs. NS LMXBs

X UV OPT.



BH vs. NS LMXBs

Last stable orbitBlack Hole

Neutron Star

X-ray emission Magnetosphere



✤ Z sources

✤ Atoll sources

✤ Low-L bursters

✤ msec X-ray pulsars

✤ Oddballs (Cir X-1)

NS LMXBs: source classes



✤ Weakly magnetic systems
✤ Fast spinning NS (few msec)
✤ Characteristic phenomena: X-ray bursts
✤ Fast aperiodic timing
✤ Source classes

NS LMXBs: source classes

Z sources
LX 0.1-1.0 LEDD
All persistent (?)

Atoll sources
LX 0.01-1.0 LEDD
Some transient
type-I bursts

Low-L bursters
LX <0.01 LEDD
Some transient
type-I bursts
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Timing properties



Quasi-Periodic Oscillations (QPO)

w = WK(rA)�Wspin

w µ L3/7
37

Beat frequency

Flux related:

✤  GX 5-1 first source
✤  Broad and slow features
✤ Not a pulsar
✤ No keplerian time scale
✤  Correlated with count rate (flux?)



Quasi-Periodic Oscillations (QPO)

Beat frequency

Flux related:

Ṁ



Three QPO types

HBO

NBO
FBO



RossiXTE

✤ Double peaks at high frequency
✤ Expected range for Keplerian
✤ Frequency changes
✤ Sco X-1 first, then other Z and atoll



RossiXTE

✤ Double peaks at high frequency
✤ Expected range for Keplerian
✤ Frequency changes
✤ Sco X-1 first, then other Z and atoll



Atoll sources (lower accretion)

✤ At low flux: flat-top noise + LFQPO
✤ Same as low-L bursters



kHz QPO: basic properties

✤ Seen in nearly all Z and atoll sources
✤   Twin peaks move in 200-1200 Hz range
✤   Difference almost constant?
✤   At extreme frequencies, only one peak



kHz QPO: basic properties

✤ Q factor can be as high as 200



kHz QPO: basic properties

✤ Frequency shift on “parallel tracks”



kHz QPO: basic properties

✤ No preferred frequency or frequency ratio
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kHz QPO: basic properties

✤ Relation to source spin?



Burst oscillations

✤ Coherent oscillations
✤ Give characteristic frequency
✤ Lot of technical difficulties here



Accreting msec pulsars

✤ In 1999 first one found
✤ 14 known to date
✤ Faint transients
✤ 200-600 Hz pulsations



The latest: Swift J1749.4-2807

✤ Pulse: 518 Hz (1036 Hz harmonic)
✤ Orbit: 
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Orbit carpentry

✤ No barycentric correction



Orbit carpentry

✤ No barycentric correction



Different timing analysis

✤ October 2010: a new eclipsing transient accreting ms pulsar



Serendipitous moon occultation

✤ Requires precise absolute timing



I did not ask for the moon...

Positional accuracy: 40 !as



Transient pulsations

✤ Two cases in 2008
✤ Aquila X-1



Transient pulsations

✤ SAX J1748.9-2021



Burst oscillations & spin



Theoretical models

✤ Identification of frequencies (low-" QPO, 2 
kHz QPO)

✤ Relativistic Precession Model

✤ Basic GR frequencies: nodal precession, 
periastron precession, orbital



Black-hole binaries: noise

✤ In some states, flat-top noise

✤ Also low-" QPO (next slide)

✤ Similar to low-L NS

NS

BH



Black-hole binaries: noise



Black-hole binaries: noise



Black-hole binaries: noise

νBreak νQPO νL νU



Black-hole binaries: noise



rms & phase lags

✤ Rms vs. energy

✤ Phase-lag spectrum



Black-hole binaries: no noise

✤ Can go from 40% down to 1%

✤ Dependent on energy spectrum



Black-hole binaries: QPO

✤ Low-frequency QPO as in NS
✤ Type-C QPO

✤ Variable frequency 0.01-15 Hz
✤ Type-A/B QPO

✤ Almost fixed frequency 4-8 Hz

Type C - HBO
Type B - NBO
Type A - FBO



Fast changes of QPO frequencies

Rms vs. energy:



Transient high-Q QPOs

4U 1820-30: 6Hz



Global correlations

✤ Noise - LF QPO



Global correlations

✤ Lorentzian decomposition here essential

C

low kHz

bump



Global correlations

✤ Lorentzian decomposition here essential

C

low kHz

bumpCir 
X-1

Broad Narrow



BH High-frequency QPO

✤ Frequencies 30-450 Hz
✤ Weak and rare
✤ Fixed frequencies
✤ Some (4/7) come in pairs
✤ Different from NS kHz QPO

4U 1630-47XTE J1650-500 XTE J1859+226



BH High-frequency QPO

✤ Pairs appear at certain ratios
✤ Resonance model developed
✤ Still few points available

Ω
ωr

GRS 1915+105 GRO J1655-40 XTE J1550-564 H 1743-322
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Long-term periods

✤ Difficult techniques
✤ Important for AGN studies
✤ Analysis then timing



XMM analysis

✤ Example: QPO in M82


