
Low-mass X-ray binaries



X-ray binaries: LMXB
• Mass donor of late spectral type (G or later); 

orbital periods of minutes to hours (typically)
• M < 1-2 M

• Mass transfer via Roche lobe overflow (RLO)
• Accretion via disk
• Old systems, with characteristically low 

magnetic fields (~108-9 G)
• Diversity of mass donors, compact object etc.

Example: Ultra-Compact X-Binary (UCXB) P< 1hr
Example: Accretion-powered neutron stars → AMXP





Recent discovery of a transition between rotation and accretion power
Accretion: X-ray pulsar (LMXB) ↔ Rotation: (magnetic) radio pulsar

Millisecond-pulsar

IGR J18245-2452 Papitto et al. 2013, Nature 501, 517 
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X-ray binary observational properties

• Varying spectral states during outbursts
correspond to changes in the accretion flow.

• Diagnostic tools:
– Spectral analysis (energy)
– Timing analysis (QPO)
– Color-Color Diagram (CCD)
– Hardness-Intensity Diagram (HID)



Observed phenomenology 
depends on viewing angle

Fe Kα fluorescence line
Reflection from disc

Doppler effect
Gravitational redshift
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(Black hole X-ray binaries)

Time (MJD – 50000)

GX 339-4 2002/2003 outburst

Homan & Belloni 2005

See lecture on black holes
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The Eddington limit
• There is a limit to the 

luminosity that can be 
produced by a given 
object, known as the 
Eddington luminosity.

At this limit the inward gravitational 
force on the accreting matter is 
balanced by the outward transfer of 
momentum by the accretion luminosity
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At the limit (Eddington):



• Some thermonuclear bursts 
are bright enough to exceed 
the Eddington limit at the 
peak

• The atmosphere is 
(temporarily) unbound and 
will expand, sometimes to 
very large radii

• Provided the mass range of 
the neutron stars are small, 
these events serve as a 
standard candle for distance 
estimation

Kuulkers et al. 2003

Eddington limit application 1



• The Eddington flux, 
combined with other 
measurements from 
bursts, can be used to 
infer the mass and 
radius of the neutron 
star

• This can in turn provide 
constraints on the 
neutron star equation 
of state

Eddington limit application 2

Özel, Guver &c, 2006–; see also 
Steiner et al. 2010



Eddington limit application 3
• The growth history of 

supermassive black holes 
is basically a mystery

• We know of no 
intermediates more 
massive than the stellar-
mass black holes in XRBs 

• Eddington-limit 
arguments offer evidence 
for intermediate-mass BH 
via ultra- (and even 
hyper-) luminous X-ray 
sources in other galaxiesFarrell et al. 2009, 2011 etc.



X-ray bursters



X-ray bursts
A recurrent process

Type-I X-ray bursts are thermonuclear explosions in the surface layers of
a neutron star accreting H and/or He from a low-mass companion star.
Their emission can be described by blackbody radiation with peak
temperature ~2 keV and X-ray softening during the (exponential) decay.



TYPE I TYPE II



I

Only 2 Type-II X-ray bursters
known so far: 
MXB 1730-335 (Rapid Burster)
and the Bursting Pulsar 
GRO J1744-28 (no type I). 

Type-II X-ray bursts: not thermonuclear



Black Holes have no surface ⇒ no X-ray bursts!



X-ray burst oscillations

Power spectrum showing 
millisecond variability 
during X-ray bursts

X-ray burst power spectra 
sometimes show millisecond 

variability corresponding to the 
neutron star spin frequency, 

thus indicating a local asymmetry 
on the surface of the neutron star 

during the burst.



X-ray burst oscillations

Slight variations in burst oscillation frequency during the tail may be 
related to atmospheric motion and/or spreading on the neutron star 
surface, but not all burst oscillations show a consistent picture.

Strohmayer & Marckwardt, 1999)



Spin modulation

Burst oscillations are associated with a hot spot expanding on the
NS surface like a deflagration flame and modulated by the NS
rotation. The modulation drops as spot grows. The frequency drift
seems associated to the burning layer elevation.

Coriolis 
forces

Spitovsky et al., 2002



History of an accreted fluid element



Burst nuclear burning

The rp- process: series of proton captures and 
β decays.

Heavy 
elements

Radioactive
isotopes

Nucleosynthesis

CNO cycle

3-α

No β-decay 
⇒ He flash

Waiting 
points



Nuclear energy vs. gravitational energy
⇓

Relationship between accretion and thermonuclear burning processes

Energy release of nuclear burning to heavy elements is
≈ 1.4 MeV/nucleon for pure He (X≈0) and
≈ 5.6 MeV/nucleon for solar composition (X≈0.7)

⇒ Ineffective process compensated by accumulation

tgrav pers

nuc b
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Burst energetics

Relationship between accreted material and burning regimes

≈1.4 MeV/nucleon

leon200MeV/nuc≈
NS

pNS

R
mGM

Energy of accretion: Egrav = nucleon

<50 : mostly H
>50 : mostly He

Enuc ≈ 1.35 + 6.05X MeV/nuc (Goodwin, Heger, Galloway, 2019)



March 2004 April 2005 April 2007

Intermediate long bursts from SLX 1737-282 (Falanga, Chenevez et al., 2008)



Intermediate burst

Two-phase long burst from GX 3+1He flash

H/He tail

Chenevez et al., 2006



Intermediate long bursts
Only  ≈70 bursts have shown a duration of a few tens of minutes

Most intermediate bursts are observed from low luminosity
sources and are interpreted as long pure He bursts. If no H is
accreted, they are consistent with the burning of a slowly
accreted, thick He layer, in Ultra Compact X-ray Binaries
(UCXB) where the donor star is probably a degenerated helium
white dwarf.
Unusually long bursts seem generally to be associated with 
mixed H/He burning at low accretion rate. Depending on the 
actual accretion rate, either the burning of a large amount of H is 
triggered by an He flash, or a large column of “sedimented” He is 
triggered by H ignition.

(Two phase burst from GX3+1: aborted superburst due to the
premature ignition of a carbon layer triggered by an He
detonation may also be considered.)



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 25 such events having been found from 10 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.



Superburst on 13 February 2011

SAX J1747.0-2853 observed by INTEGRAL/JEM-X

Firestarter?

Chenevez et al. 2011



7000 (MINBAR)
<200 s

27?
Superbursts

≈70
Intermediate

long

More or less long bursts

Toward a continuous spectrum?

2012
Decay time (sec)

Ordinary 
He bursts

Ordinary 
H bursts

Mixed
H/He

Unusual 
bursts

Unusually 
long bursts

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



Long
bursts

Burst duration (sec)

99% 1%

Histogram of MINBAR 7000 short duration bursts

Ordinary 
He bursts

Ordinary 
H bursts

Intermediate 
long bursts

Superbursts



4U 1820-30: in ‘t Zand et al. 2012

4U 0614+09: 
Kuulkers et al. 2010

CCD HID

Bursts spectral state dependency

 PRE
 Superburst



Photospheric 
Radius Expansion

PRE



PRE burst from INTEGRAL light-curves (Falanga et al., 2006)



Recall: the Eddington Limit
For any luminous object, there is a maximum luminosity beyond which radiation
pressure will overcome gravity, and material outside the object will be forced away
from it rather than falling inwards.

 Eddington luminosity 

 Eddington temperature

 Eddington accretion rate

138  103.1
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Peak Temperature (at “touchdown”):Stefan-Boltzmann:



Observationally (bursts in globular clusters) : LEdd ≈3.8 ×1038 erg/s (Kuulkers et al. 2003)

Application

 X-ray bursts as standard candles: if L= LEdd ⇒ d thanks to flux conservation

Eddington Luminosities
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: upper limit to distance

For pure He:

For Solar composition:

For pure H : 381.3 10 erg/s
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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: modelling of the net burst emission by blackbody (BB)
• 2-component method: modelling of the total burst emission by BB+PL

(PL is fixed by pre-burst “persistent” emission)
• New method: impact of the burst on the accretion flow is accounted for

by a variable factor (fa ): BB + fa×PL



Blackbody emission from a neutron star
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Caveats:
• Burst emission is assumed isotropic (ξ=1)

• Gravitational redshift effects 

• What is actually observed is a “colour temperature”…

Flux conservation: Lemi = Φobs

(Stefan-Boltzman’s law)
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Model

Fit

kTBB
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FBB



≠ time intervals

≠ kTBB…



Example of Results

Bolometric luminosity

(assuming d = 5 kpc)

Blackbody temperature

Inferred blackbody radius

The time-resolved spectral analysis
of GX 3+1 long X-ray burst reveals
variations in the temperature and
inferred blackbody radius which
indicate expansion and contraction of
the emission region.

Chenevez et al., 2006
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