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Low-Mass X-ray Binaries
• late-type star 

≤ 1 M⊙ 
•age 

> Gyr 
• compact object 

Neutron Star 
Black Hole 

White Dwarf 
•Lopt/Lx << 0.1
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Neutron Stars

• mass ≃ 0.5 – 2.5 M⊙ 

• radius ≃ 5 – 20 km 

• density 

• magnetic field

⇠ 5� 10 ⇢nuc

107 � 1015 Gauss



Neutron Stars

Özel & Freire 2016
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NS M-R measurements
• Thermonuclear X-ray Bursts 

• Continuum spectrum method  

• Spectral line method 

• Burst oscillation method 

• Accretion-powered millisecond pulsar method 

• Kilohertz Quasi-periodic Oscillation method 

• Broad relativistic Iron line method 

• Quiescent emission method 

• ……



E (keV)

No
rm

al
iz

at
io
n

1      3

∼1 keV

E (keV)

No
rm

al
iz

at
io
n

1      3

∼1.8 keV

NS disk

corona
No

rm
al

iz
at

io
n

E (keV)
1       10      100    

NS LXMB: X-ray emission 



NS disk

corona

Main reflected features: 

• Fe Kα line (6.4 keV) 

• Fe absorption edge (7.1 keV) 

• Compton hump (~10-30 keV)

NS LXMB: reflection spectrum



NS LXMB: reflection spectrum
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Fig. 3.— The profile of the broad iron line is caused by the interplay of Doppler and transverse-Doppler
shifts, relativistic beaming and gravitational redshifting. The upper panel shows the symmetric double
peaked profiles from two narrow annuli on a non-relativistic disk. In the second panel the effects of transverse
Doppler shifting and relativistic beaming have been included, and in the third panel gravitational redshifting
has been included. These give rise to a broad, skewed line profile, such as that show in the lower panel. A
more detailed discussion of this figure is given in section 2.2.

Fabian 2000 Reynolds & Nowak 2003



NS LXMB: Fe emission lines 

GX 340+0 
(unfolded)

GX 349+2 
(unfolded)

4U 1705-44 
(unfolded)

D’Ai et al. 2009

Iaria et al. 2009

Di Salvo et al. 2009

Cackett et al. 2009

What do we get from them? 
• Ionisation parameter and 
element abundance 

• Disk emissivity index  
• Inner and outer radii of the 
disk emitting region  

Potentially we could 
constrain M & R ➔ EoS



NS LXMB: X-ray type-I Bursts

Spitkovsky, Levin, & Ushomirsky (2002)Why are they useful? 
1. They originate from the NS surface, hence mass, 
radius and spin freq. influence their properties; 

2. Very bright with respect to the continuum emission. 
Very easy to isolate the surface emission; 

3. Large sample in more than 80 sources. 
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NS LXMB variability

Aql X-1 X-ray transients: 

•  Outburst phase              
(day-months)    
Lx=1036-1038 erg/s 

• Quiescence phase 
(months-years) 
Lx=1032-1034 erg/s



NS LXMB: very rapid variability
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NS LXMB: Bursts oscillations
SAX J1808.4-3658 confirms that the 

asymptotic frequency of burst 
oscillations is the spin frequency of 

the NS

Hzsburst 401≈=νν



NS LXMB: kHz QPOs

– 3 –

proportional counters were not always switched on to record events. If the operating condition of

one of the counters changed during a continuous observation (whose duration did not exceed the

duration of one orbit and was, on average, 3− 3.5× 103 s), then the time interval during which the

total count rate changed abruptly was excluded from our analysis.

To analyze the variability of Scorpius X-1, we constructed its power-density spectra (van der

Klis 1989) in the frequency range 0.03125–2048 Hz (see Fig. 1). The properties of the low- and high-

frequency flux variability were investigated in the bands 0.1–256 and 256–2048 Hz, respectively.

No correction was made for the background radiation and dead time.

νHBO

2HBOν

ν1

2ν

νLF
Breakν

Fig. 1. The power-density spectrum for the

Z-type source Scorpius X-1. The data were

averaged over four consecutive observing in-

tervals from 05 : 04 : 13 UTC on May 25,

1996. The total observing time is ∼ 104 s [see

a similar power-density spectrum in Titarchuk

et al. (1999)]. The X-ray QPO peaks are

shown: HBOs (νHBO) and their second har-

monic (ν2HBO) and the kHz QPO peaks (ν1 and

ν2). The break frequency is denoted by νBreak.

A model fit to the data (for more details, see the

text) is indicated by the dotted line. Broadband

noise was detected at a statistically significant

level in the average power-density spectrum at

low frequencies (νLF ).

We analyzed individual observations with a duration up to ∼ 3.5×103 s. Fitting the power-density

spectra by a constant and by a power law at frequencies below and above the break frequency did

not yield acceptable results (according to the χ2 test). The main reason was the absence of a sharp

break and the resulting uncertainty in its measurement. The model in which at frequencies much

higher (ν/νbreak ≫ 1) and much lower (ν/νbreak ≪ 1) than the break, each part of the spectrum

could be fitted by its own power law and the transition between them was not jumplike (previously,

this model was successfully used for a time analysis of the Z-type source Cygnus X-2; see, e.g.,

Kuznetsov 2001), proved to be more suitable:

P (ν) = Aν−α[1 + (ν/νbreak)β]−1. (1)

The power-density spectra (see Fig. 1) were fitted by this model in the 0.1–128-Hz band with the

additional introduction of one or two Lorenz lines to allow for the QPO peaks and their harmonics.
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show up as kHz QPOs. Besides, many other authors have
used the general relativistic frequencies in various ways to
explain the properties of kHz QPOs (e.g., Wijnands et al.
(2003); Lee et al. (2004); Zhang (2004); Mukhopadhyay
(2009)).

Figure 12: This figure shows the radial profiles of various frequencies
(color coded) of equatorial circular orbits in Kerr spacetime (see
§ 3.3.1). Two angular momentum parameters (j = 0.0 (solid) and
j = 0.3 (dotted)), and neutron star mass = 1.35M⊙ are used. These
frequencies may be useful to understand the kHz QPOs (see § 3.3.1).

Apart from the observed frequencies of kHz QPOs,
one also needs to explain the modulation and decoherence
mechanisms. Some of the plausible methods have been
discussed in van der Klis (2006) and references therein.
Méndez (2006) proposed that, although the kHz QPO
frequencies are plausibly determined by the characteristic
disk frequencies (see the previous paragraph), the modu-
lation mechanism is likely associated to the high energy
spectral component (e.g., accretion disk corona, boundary
layer between the disk and the neutron star, etc.). This is
because the disk alone cannot explain the large observed
amplitudes, especially at hard X-rays where the contribu-
tion of the disk is small. Detection and measurement kHz
QPOs above 20−30 keV may be able to resolve this issue.
In addition, observations of sidebands, overtones, and very
high frequency QPOs may be useful to identify the correct
kHz QPO model (van der Klis , 2006; Bhattacharyya ,
2009). We will not discuss these aspects further. Rather
we note that the fluid dynamical simulation corresponding
to any successful kHz QPO model must naturally give rise
to the observed frequencies and other properties.

3.3.2. Kilohertz Quasi-periodic Oscillation Method

Since no kHz QPO model can yet explain all the major
aspects of this timing feature, currently it is not possi-
ble to constrain the neutron star parameters using this
QPOs with certainty. However, all proposed models in-

volve plasma motion in the strong gravitational field around
the neutron star, and with one exception (photon bubbles;
Klein et al. (1996a,b)) suggest that the kHz QPOs orig-
inate in the disk (van der Klis , 2006). Moreover, most
models identify one of the kHz QPO frequencies (usually
νu; but can also be νl) with the orbital motion at a pre-
ferred disk radius (van der Klis (2006); see also § 3.3.1).
If this is true, two reasonable conditions can constrain the
M −R space (Miller et al. , 1998):

R ≤ r, (12)

where r is the radius of the orbit associated with νu or νl
via equation 9; and

rISCO ≤ r, (13)

where rISCO is the radius of the ISCO. This is because the
first condition gives a mass-dependent upper limit on R
via equation 9; and the second condition gives an upper
limit on M : M < c3/(2π63/2Gνφ|r) (for Schwarzschild
spacetime). These constraints on M −R space are shown
in Figure 13.

Figure 13: This figure shows the M −R space of neutron stars with
the curves corresponding to a few representative EoS models (same
as Figure 1). The green patch shows the allowed M −R space using
equations 12 and 13, and an upper kHz QPO frequency of 1200 Hz
(Miller et al. (1998); see § 3.3.2). This example figure demonstrates
the potential of kHz QPOs to constrain the neutron star mass and
radius, and hence the EoS models.

The general relativistic frequencies depend on the neu-
tron star parameters M and j, and many models use these
frequencies to explain kHz QPOs (§ 3.3.1; see also van
der Klis (2006) and references therein). Therefore, in
a more general sense the identification of any of the kHz
QPO frequencies with the beating, resonance, or any other
combination of νφ, νr, νθ, νperi, νnodal and νspin has the
potential to constrain the neutron star parameter space.
Besides, the identification of νh with νnodal (§ 3.3.1) can be

17
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• shows strong broad iron 
emission line 

• shows plenty of kHz QPOs 

• simultaneous high-time 
resolution (RXTE) and 
moderate-energy resolution 
(XMM-Newton) observations

4U 1636-53
NS LXMB: kHz QPOs
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Figure 6.5: Marginal probability distribution functions of the NS mass in 4U 1636–53 inferred from simultaneous measurements
of the upper kHz QPO and the iron emission line, for four different observations. Different panels represent different models
used to fit the iron line profile.
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Accreting Millisecond X-ray pulsars
Name P_spin (ms) 

(ms)
P_orb (h) Ref

SAX J1808.4-3658 2.5 2.0 Wijnands & van der Klis 1998

XTE J0929-314 5.4 0.73 Galloway et al. 2002
XTE J1751-305 2.3 0.7 Markwardt et al. 2002
XTE J1814-338 3.2 4.0 Markwardt et al. 2003
XTE J1807-294 5.3 0.67 Markwardt et al. 2003
IGR J00291+5934    1.7 2.5    Galloway et al. 2005
HETE J1900.1-2455 2.7 1.4 Kaaret et al. 2005
SWIFT J1756.9-2508 5.5 0.9 Markwardt et al. 2007
Aql X-1 1.8 19     Casella et al. 2007
SAX J1748.9-2021 2.3 8.8 Altamirano et al. 2007
NGC 6440 X-2 4.8 0.96  Altamirano et al. 2010
IGR J17511-3057 4.1 3.5 Markwardt et al. 2009
SWIFT J1749.4-2807 1.9 8.8 Altamirano et al. 2010
IGR J1749.8-2921 2.5 3.84 Papitto et al. 2011
IGR J18245-2452 3.9 11.03 Papitto et al. 2013
XSS J12270 1.7 6.9 Bassa et al. 2014
PSR J1023+0038 1.7 4.75 Archibald et al. 2015
MAXI J0911-655 2.9 0.74 Sanna et al. 2017
IGR J17062-6143 6.1 >0.28 Strohmayer & Keek 2017
IGR J16597-3704 9.5 0.77 Sanna et al. 2017



AMXPs: Recycling Scenario

credit: J. Hessels 



Transitional MSP

• PSR J1023+0038 

• IGR J18245-2452 

• XSS J12270-4859 



Question: Can the LMXB phase finish at all?? 

For close systems (i.e. relatively short Porb), even if the 
companion star is detached, sooner or later GR will bring 
it in contact, resuming mass transfer and accretion.

What if there is a process 
able to stop the accretion 
p h a s e a n d s t a r t a 
Millisecond Radio Pulsar 
(detached) phase: i.e. the 
radiation pressure from 
the Millisecond Pulsar.  
(see also Chen et al. 
2013).

Did Transitionals reach the 
end of their LMXB phase?



The Radio-Ejection hypothesis

Outburst: 
accretion phase

Quiescence:  
radio ejection

(Burderi et al. 2001, Di Salvo et al. 2008)

Onset of long Radio-Ejection phases 
Burderi et al. 2001, ApJ



NS LXMB: pulse profile
SAX J1808.4-3658

XTE J1807-294

IGR J17480-2446



NS LXMB: pulse profile
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• Light bending 

• Gravitational 
redshift  

• Relativistic 
beaming



Thanks for the 
attention!



AMXPs: Orbital Evolution

Reference: outburst 1998

For each outburst we 
calculated:

�TNOD = TNOD � TNODPRED

TNODPRE = TNOD98+

+NPORB98

(Sanna et al. 2017)

SAX J1808.4-3658



ṖORB =
3.6(4)⇥ 10�12s/s

Differently from the 
2011 orbital timing, 
no significant cubic 
term           is required. 

Residuals appear like 
fluctuations around a 
global parabolic trend.

(P̈ORB)

f(N) = �TNOD +�PORBN +
1

2
PORBṖORBN

2

AMXPs: Orbital Evolution



q = m2/m1

Theory of Dynamical (Orbital) evolution

R2 / Mn
2

1. JTOT conservation 
2. Kepler’s third law 
3. Contact condition 
4. Companion well described by   
5.        driven by GRJ̇/J

ṘL2/RL2 = Ṙ2/R2

where
g(�, q,↵) = 1� �q � (1� �)(↵+ q/3)/(1 + q)

Ṁ1 = ��Ṁ2 ↵ = lej/⌦ORB r22
(Di Salvo et al. 2008)

ṖORB = �1.4⇥ 10�12 m5/3 q(1 + q)�1/3 P�5/3
2h


n� 1/3

n� 1/3 + 2g

�
s/s



Predictions vs Observations
2. Fully non-conservative mass transfer

assuming

n ' �1/3
fully convective/
d e g e n e r a t e 
companion star

� = 0 g = 1� (↵+ q/3)/(1 + q)

˙PORB ' ˙PORBOBS
for↵ ⇠ 0.7

we find that

matter ejected 
from the inner 
L a g r a n g i a n 
point.

m1 = 1.4M�
m2 = 0.05M�



The Radio-Ejection hypothesis

Outburst: 
accretion phase

Quiescence:  
radio ejection

(Burderi et al. 2001, Di Salvo et al. 2008)

Onset of long Radio-Ejection phases 
Burderi et al. 2001, ApJ



Thanks for the 
attention!



Alternative mechanism: 
Applegate & Shaham model for periodic orbital modulations 

Gravitational Quadrupole Changes (GQC)

Arzoumanian et al. (1994)

(Arzoumanian et al. 1994) (Sanna et al. 2017)

�P

P
⇠ 2⇥ 10�7

�P

P
⇠ 1⇥ 10�7

PMOD ⇠ 6yr PMOD ⇠ 21yr

Hartman et al. (2008) and Patruno et al. (2011) proposed that magnetic activity in 
the companion is responsible for the orbital variability of SAXJ1808 – as discussed 
by Applegate & Shaham (1994) and Arzoumanian et al. (1994) to explain the orbital 
varability observed in PSR B1957+20



Applegate & Shaham: basic concept
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• Tidal dissipation: 
to take into account the ejected matter we 
included a parabolic trend to fit the 
differential correction 

Applegate & Shaham: sources of energy

�TNOD

Data 
GQC + Tidal dissipation
Chandra 2015
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