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GWs from Low Mass X-ray Binaries


Spin up halted well before breakup frequency


Disk/magnetosphere interaction?


GWs!: “mountains”, unstable modes, magnetic deformations


(Chakrabarty et al 2003, Patruno 2010, Papitto et al. 2014)


(Papaloizou & Pringle 1978,  Wagoner 1984, Bildsten 1998, Andersson 1998, Cutler 2002, BH et 
al. 06, BH et al. 08, Payne & Melatos 05)


(White & Zhang 1997, Andersson, Glampedakis, BH & Watts 2006, BH & Patruno 2011, 
Patruno, D’Angelo & BH 2012, Ferrigno et al. 2013)
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Fig. 1. Spin frequency distribution of binary non-eclipsing and eclips-
ing rotation-powered millisecond pulsars (top panel; blue and light
blue), and nuclear-powered and accreting millisecond pulsars (bottom
panel; green and light-green).


Lorimer2 and P. C. C. Freire3, corresponding to sources found
in the Galactic field and globular clusters, respectively. As
of January 2014, these lists contain 339 radio pulsars with a
spin period shorter than 30 ms. Slightly fewer than half of
them are isolated sources, or systems for which an orbital pe-
riod could not yet be determined. In the following, we only
consider binary RMSPs to compare them with their accreting
progenitors, since the evolutionary history of isolated MSPs
might have been somewhat different than that of pulsars with a
companion star (e.g. Verbunt et al. 1987; Kluzniak et al. 1988).
The binary RMSPs that show irregular eclipses of their radio
emission (Roberts 2013, hereafter eclipsing RMSPs) share a
close link with their accreting progenitors. In fact, the ob-
served eclipses are due to absorption caused by matter lost by
the companion star that is ejected from the system by irradi-
ation of the pulsar (Fruchter et al. 1988; Kluzniak et al. 1988).
Because the semi-degenerate companion star of at least some
of these eclipsing pulsars is very close to filling their Roche
lobe (see, e.g., Breton et al. 2013), the mass lost by these stars
may then occasionally overcome the pressure of the radio pul-
sar, driving the system into an accretion state. Switches be-
tween accretion- and rotation-powered stages have recently been
observed from three eclipsing RMSPs (Archibald et al. 2009;
Papitto et al. 2013; Patruno et al. 2014; Bassa et al. 2014). We
summarize the properties of the various populations of binary
RMSPs in Table 1 and plot the distribution of their frequencies
in the top panel of Fig. 1.


The spin period is known for 25 accreting NSs in LMXBs
(15 accreting MSPs, 10 nuclear MSPs, cf. Section 1). All ac-
creting MSPs and seven out of ten nuclear MSPs are X-ray tran-
sients, accreting at a rate up to 10−9 M⊙ yr−1 only during their
few-weeks-long outbursts, and are found in quiescence at levels
corresponding to less than < 10−12 M⊙ yr−1 for most of the time
(e.g. Coriat et al. 2012, and references therein). Even though
these two classes overlap (burst oscillations were also observed
from eight accreting MSPs), we considered sources that showed
oscillations only during bursts (nuclear MSPs) to form a distinct


2 available from http://astro.phys.wvu.edu/GalacticMSPs
3 available from http://www.naic.edu/ pfreire/GCpsr.html
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Fig. 2. Spin frequency distribution of non-eclipsing RMSPs (blue),
transitional MSPs (defined as the sum of eclipsing RMSPs and accreting
MSPs; red) and nuclear MSPs (green).


class, because so far they did not show evidence of possess-
ing a magnetosphere able to channel the accreted mass close to
the magnetic poles and yield coherent pulsations. Nuclear MSP
bursts tend to be observed in brighter states that are characterized
by a softer spectrum, while they occur even in the hard state in
accreting MSPs (Galloway et al. 2008; Watts et al. 2009; Watts
2012), which possibly indicates that an important role is played
by the magnetosphere in determining burst oscillation proper-
ties. The properties of the spin distribution of LMXB pulsars are
summarized in Table 1 and are plotted in the bottom panel of
Fig. 1.


The recent discovery of systems that switch between
rotation- and accretion-powered states on short time-scales also
motivated us to define an intermediate class of systems, dubbed
transitional pulsars (transitional MSPs). These systems be-
have as eclipsing RMSPs when the mass in-flow rate is low
and the pressure of the pulsar prevents mass from falling
onto the NS, while they are seen as X-ray-bright accreting
sources when the transferred mass overcomes this pressure.
IGR J18245–2452, observed as an accreting MSP and an eclips-
ing RMSP at different times (Papitto et al. 2013), is the pro-
totype of this class. A transition to a rotation-powered state
during X-ray quiescence has also been proposed for a num-
ber of accreting MSPs on the basis of the observed spin-down
(Hartman et al. 2008, 2009; Patruno 2010; Hartman et al. 2011;
Papitto et al. 2011; Riggio et al. 2011; Patruno et al. 2012b), re-
processed optical emission (Burderi et al. 2003; Campana et al.
2004; Di Salvo et al. 2008; Burderi et al. 2009; D’Avanzo et al.
2009), and orbital evolution (Di Salvo et al. 2008; Burderi et al.
2009; Patruno et al. 2012b), even if radio and γ-ray pulsations
have not been detected so far (Burgay et al. 2003; Iacolina et al.
2009, 2010; Xing & Wang 2013). On the other hand, state transi-
tions to an accretion stage have only been observed from eclips-
ing RMSPs (see above); these sources are the only possible can-
didates to undergo such fast transitions because the companion
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Fig. 1. Spin frequency distribution of binary non-eclipsing and eclips-
ing rotation-powered millisecond pulsars (top panel; blue and light
blue), and nuclear-powered and accreting millisecond pulsars (bottom
panel; green and light-green).


Lorimer2 and P. C. C. Freire3, corresponding to sources found
in the Galactic field and globular clusters, respectively. As
of January 2014, these lists contain 339 radio pulsars with a
spin period shorter than 30 ms. Slightly fewer than half of
them are isolated sources, or systems for which an orbital pe-
riod could not yet be determined. In the following, we only
consider binary RMSPs to compare them with their accreting
progenitors, since the evolutionary history of isolated MSPs
might have been somewhat different than that of pulsars with a
companion star (e.g. Verbunt et al. 1987; Kluzniak et al. 1988).
The binary RMSPs that show irregular eclipses of their radio
emission (Roberts 2013, hereafter eclipsing RMSPs) share a
close link with their accreting progenitors. In fact, the ob-
served eclipses are due to absorption caused by matter lost by
the companion star that is ejected from the system by irradi-
ation of the pulsar (Fruchter et al. 1988; Kluzniak et al. 1988).
Because the semi-degenerate companion star of at least some
of these eclipsing pulsars is very close to filling their Roche
lobe (see, e.g., Breton et al. 2013), the mass lost by these stars
may then occasionally overcome the pressure of the radio pul-
sar, driving the system into an accretion state. Switches be-
tween accretion- and rotation-powered stages have recently been
observed from three eclipsing RMSPs (Archibald et al. 2009;
Papitto et al. 2013; Patruno et al. 2014; Bassa et al. 2014). We
summarize the properties of the various populations of binary
RMSPs in Table 1 and plot the distribution of their frequencies
in the top panel of Fig. 1.


The spin period is known for 25 accreting NSs in LMXBs
(15 accreting MSPs, 10 nuclear MSPs, cf. Section 1). All ac-
creting MSPs and seven out of ten nuclear MSPs are X-ray tran-
sients, accreting at a rate up to 10−9 M⊙ yr−1 only during their
few-weeks-long outbursts, and are found in quiescence at levels
corresponding to less than < 10−12 M⊙ yr−1 for most of the time
(e.g. Coriat et al. 2012, and references therein). Even though
these two classes overlap (burst oscillations were also observed
from eight accreting MSPs), we considered sources that showed
oscillations only during bursts (nuclear MSPs) to form a distinct


2 available from http://astro.phys.wvu.edu/GalacticMSPs
3 available from http://www.naic.edu/ pfreire/GCpsr.html
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Fig. 2. Spin frequency distribution of non-eclipsing RMSPs (blue),
transitional MSPs (defined as the sum of eclipsing RMSPs and accreting
MSPs; red) and nuclear MSPs (green).


class, because so far they did not show evidence of possess-
ing a magnetosphere able to channel the accreted mass close to
the magnetic poles and yield coherent pulsations. Nuclear MSP
bursts tend to be observed in brighter states that are characterized
by a softer spectrum, while they occur even in the hard state in
accreting MSPs (Galloway et al. 2008; Watts et al. 2009; Watts
2012), which possibly indicates that an important role is played
by the magnetosphere in determining burst oscillation proper-
ties. The properties of the spin distribution of LMXB pulsars are
summarized in Table 1 and are plotted in the bottom panel of
Fig. 1.


The recent discovery of systems that switch between
rotation- and accretion-powered states on short time-scales also
motivated us to define an intermediate class of systems, dubbed
transitional pulsars (transitional MSPs). These systems be-
have as eclipsing RMSPs when the mass in-flow rate is low
and the pressure of the pulsar prevents mass from falling
onto the NS, while they are seen as X-ray-bright accreting
sources when the transferred mass overcomes this pressure.
IGR J18245–2452, observed as an accreting MSP and an eclips-
ing RMSP at different times (Papitto et al. 2013), is the pro-
totype of this class. A transition to a rotation-powered state
during X-ray quiescence has also been proposed for a num-
ber of accreting MSPs on the basis of the observed spin-down
(Hartman et al. 2008, 2009; Patruno 2010; Hartman et al. 2011;
Papitto et al. 2011; Riggio et al. 2011; Patruno et al. 2012b), re-
processed optical emission (Burderi et al. 2003; Campana et al.
2004; Di Salvo et al. 2008; Burderi et al. 2009; D’Avanzo et al.
2009), and orbital evolution (Di Salvo et al. 2008; Burderi et al.
2009; Patruno et al. 2012b), even if radio and γ-ray pulsations
have not been detected so far (Burgay et al. 2003; Iacolina et al.
2009, 2010; Xing & Wang 2013). On the other hand, state transi-
tions to an accretion stage have only been observed from eclips-
ing RMSPs (see above); these sources are the only possible can-
didates to undergo such fast transitions because the companion
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Fig. 1. Spin frequency distribution of binary non-eclipsing and eclips-
ing rotation-powered millisecond pulsars (top panel; blue and light
blue), and nuclear-powered and accreting millisecond pulsars (bottom
panel; green and light-green).


Lorimer2 and P. C. C. Freire3, corresponding to sources found
in the Galactic field and globular clusters, respectively. As
of January 2014, these lists contain 339 radio pulsars with a
spin period shorter than 30 ms. Slightly fewer than half of
them are isolated sources, or systems for which an orbital pe-
riod could not yet be determined. In the following, we only
consider binary RMSPs to compare them with their accreting
progenitors, since the evolutionary history of isolated MSPs
might have been somewhat different than that of pulsars with a
companion star (e.g. Verbunt et al. 1987; Kluzniak et al. 1988).
The binary RMSPs that show irregular eclipses of their radio
emission (Roberts 2013, hereafter eclipsing RMSPs) share a
close link with their accreting progenitors. In fact, the ob-
served eclipses are due to absorption caused by matter lost by
the companion star that is ejected from the system by irradi-
ation of the pulsar (Fruchter et al. 1988; Kluzniak et al. 1988).
Because the semi-degenerate companion star of at least some
of these eclipsing pulsars is very close to filling their Roche
lobe (see, e.g., Breton et al. 2013), the mass lost by these stars
may then occasionally overcome the pressure of the radio pul-
sar, driving the system into an accretion state. Switches be-
tween accretion- and rotation-powered stages have recently been
observed from three eclipsing RMSPs (Archibald et al. 2009;
Papitto et al. 2013; Patruno et al. 2014; Bassa et al. 2014). We
summarize the properties of the various populations of binary
RMSPs in Table 1 and plot the distribution of their frequencies
in the top panel of Fig. 1.


The spin period is known for 25 accreting NSs in LMXBs
(15 accreting MSPs, 10 nuclear MSPs, cf. Section 1). All ac-
creting MSPs and seven out of ten nuclear MSPs are X-ray tran-
sients, accreting at a rate up to 10−9 M⊙ yr−1 only during their
few-weeks-long outbursts, and are found in quiescence at levels
corresponding to less than < 10−12 M⊙ yr−1 for most of the time
(e.g. Coriat et al. 2012, and references therein). Even though
these two classes overlap (burst oscillations were also observed
from eight accreting MSPs), we considered sources that showed
oscillations only during bursts (nuclear MSPs) to form a distinct
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Fig. 2. Spin frequency distribution of non-eclipsing RMSPs (blue),
transitional MSPs (defined as the sum of eclipsing RMSPs and accreting
MSPs; red) and nuclear MSPs (green).


class, because so far they did not show evidence of possess-
ing a magnetosphere able to channel the accreted mass close to
the magnetic poles and yield coherent pulsations. Nuclear MSP
bursts tend to be observed in brighter states that are characterized
by a softer spectrum, while they occur even in the hard state in
accreting MSPs (Galloway et al. 2008; Watts et al. 2009; Watts
2012), which possibly indicates that an important role is played
by the magnetosphere in determining burst oscillation proper-
ties. The properties of the spin distribution of LMXB pulsars are
summarized in Table 1 and are plotted in the bottom panel of
Fig. 1.


The recent discovery of systems that switch between
rotation- and accretion-powered states on short time-scales also
motivated us to define an intermediate class of systems, dubbed
transitional pulsars (transitional MSPs). These systems be-
have as eclipsing RMSPs when the mass in-flow rate is low
and the pressure of the pulsar prevents mass from falling
onto the NS, while they are seen as X-ray-bright accreting
sources when the transferred mass overcomes this pressure.
IGR J18245–2452, observed as an accreting MSP and an eclips-
ing RMSP at different times (Papitto et al. 2013), is the pro-
totype of this class. A transition to a rotation-powered state
during X-ray quiescence has also been proposed for a num-
ber of accreting MSPs on the basis of the observed spin-down
(Hartman et al. 2008, 2009; Patruno 2010; Hartman et al. 2011;
Papitto et al. 2011; Riggio et al. 2011; Patruno et al. 2012b), re-
processed optical emission (Burderi et al. 2003; Campana et al.
2004; Di Salvo et al. 2008; Burderi et al. 2009; D’Avanzo et al.
2009), and orbital evolution (Di Salvo et al. 2008; Burderi et al.
2009; Patruno et al. 2012b), even if radio and γ-ray pulsations
have not been detected so far (Burgay et al. 2003; Iacolina et al.
2009, 2010; Xing & Wang 2013). On the other hand, state transi-
tions to an accretion stage have only been observed from eclips-
ing RMSPs (see above); these sources are the only possible can-
didates to undergo such fast transitions because the companion
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(Ushomirsky, Cutler, Bildsten 2000)


 Mountains from ‘wavy’ capture layers in crust         


Mountains on LMXBs


Payne & Melatos 2005, 
Priymak et al. 2011, 
Mukherjee et al. 2012


Magnetic mountains         
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Crustal (thermal and magnetic) mountains
Mountain accumulates during outbursts
Does it dissipate between outbursts?


(BH, Priymak, Patruno, Oppenoorth, Melatos & Lasky 2015)
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“Thermal” mountains


Persistent sources promising 


(BH, Priymak, Melatos, Lasky, Patruno & Oppenoorth, 2015)


Still Tricky! (Watts et al. 2008)
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Maximum


Magnetic mountains
 Only systems with strong fields detectable
 Possible cyclotron features


(BH, Priymak, Patruno, Oppenoorth, Melatos & Lasky 2015)


Transient
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Magnetic mountains
 Only systems with strong fields detectable
 Possible cyclotron features
(BH, Priymak, Patruno, Oppenoorth, Melatos & Lasky 2015, Mukherjee et al. 2012)


Detecting gravitational waves from mountains on neutron stars in the Advanced Detector Era 9


of GWs from magnetic mountains is B∗ ≈ 1012 G corre-
sponding to Bext ≈ 5× 1011 G for Ma = Mc in our models.
It is important to note though that while simulations indi-
cate that the quadrupole saturates for Ma ! Mc (Wette,
Vigelius & Melatos 2010), no such effect is observed for the
decay of the external field, and the limits on evolving the
field further are mainly numerical. One cannot thus exclude
high degrees of field burial. In fact the harmonic content of
thermo-nuclear bursts suggests that in some systems burn-
ing occurs in patches and is confined by locally strong and
compressed magnetic fields (Bhattacharyya & Strohmayer
2006; Misanovic, Galloway & Cooper 2010; Cavecchi et al.
2011; Chakraborty & Bhattacharyya 2012).


We also analyse the scenario in which the magnetic
mountain decays on short timescales between accretion out-
bursts. Time-dependent MHD simulations show that mag-
netic line tying at the stellar surface stabilises the mountain
against interchange instabilities. Current-driven Parker-type
instabilities do occur, but they do not disrupt the moun-
tain, saturating in a state where the quadrupole is reduced
by " 60% (Vigelius & Melatos 2009b). Simulations confirm
stability up to the tearing-mode timescales but they do not
resolve slower instabilities and modes below the grid-scale.
Different choices of boundary conditions can also destabilise
the system (Mukherjee, Bhattacharya & Mignone 2013a,b).
In this scenario we take Ma = ∆t⟨Ṁ⟩ for each system, and
calculate the quadrupole from equation (18). The results
for the predicted gravitational wave strain are shown in the
right panel of figure 4. This scenario leads to small moun-
tains and weak GW emission, that would be undetectable
for most systems, even for ET. The only systems that would
lead to detectable GWs are the persistent ones, if B∗ ≈ 1012


G.
In figure 5 we show the GW strain expressed in terms of


an equivalent Bext obtained from equation 18, using model
E of Priymak, Melatos & Payne (2011) and Ma = Mc, for
which Bext = B∗/2. We can see that Advanced LIGO is ex-
pected to probe high field scenarios, with 1011 G " B∗ "
1012 G, while ET will probe a physically more realistic sec-
tion of parameter space, i.e. B∗ < 1011 G.


3.4 Distinguishing magnetic from thermal
mountains


An interesting question is if, given a GW detection, it would
be possible to understand whether we are observing a ther-
mal or magnetic mountain. We have already discussed the
electromagnetic counterpart of a thermal mountain in sec-
tion 2.6, and showed that a quadrupolar deformation could
lead to flux modulations and pulsations in quiescence at
twice the spin frequency. The results of the previous section
suggest that if a magnetic mountain were to be detected
in a hypothetical system, such a NS would have a strong
’birth’ (i.e. at the onset of the LMCB phase) magnetic field
B∗ ≈ 1012 G, although the external dipolar field may be
lower, due to accretion induced magnetic burial. In such a
circumstance cyclotron resonance scattering features should
appear in the X-ray emission and Priymak, Melatos & Lasky
(2014) have studied the problem in detail for the case of an
accretion buried field.


We repeat the analysis here for a 1.4 M⊙ NS with an
accreted outer envelope described by equation of state E
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Figure 5. The sensitivity of Advanced LIGO and ET to a mag-
netic mountain. The GW strain is expressed in terms of the mag-
netic field Bext of the star, for a fiducial system at 5 kpc and
model E of Priymak, Melatos & Payne (2011). We take Ma = Mc


and, as described in the text, one has Bext = B∗/2 for these mod-
els. We plot both the case of a 1 month integration (dot-dashed
curve for ET and dotted curve for Advanced LIGO) and a 2 year
integration (solid curve for ET and dashed curve for Advanced
LIGO). We can see Advanced LIGO will probe high field scenar-
ios, with 1011 G " Bext " 1012 G, while ET will be able to probe
fields of Bext < 1011 G.
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Figure 6. Example of a cyclotron spectrum, obtained with the
code of Priymak, Melatos & Lasky (2014) for a M = 1.4M⊙ NS
described by EOS E, with the following parameters: ι = π/4
(observer inclination relative to the rotation axis), α = π/4
(inclination of the magnetic axis relative to the rotation axis),
B∗ = 1012.8 G, Ma = Mc = 3.01426 × 10−7M⊙ (see Priymak,
Melatos & Lasky (2014) for a full description of the parame-
ters). The solid line represents the phase averaged spectrum, while
the dashed and dotted lines represent the phase resolved spectra
for two extreme rotational phases, ω = π/2 (dashed line) and
ω = 3π/2 (dotted line). While the energy of the lines remains
fairly constant the depth varies significantly with phase. The flux
is normalised to give unit peak flux.
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appear in the X-ray emission and Priymak, Melatos & Lasky
(2014) have studied the problem in detail for the case of an
accretion buried field.


We repeat the analysis here for a 1.4 M⊙ NS with an
accreted outer envelope described by equation of state E
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Figure 5. The sensitivity of Advanced LIGO and ET to a mag-
netic mountain. The GW strain is expressed in terms of the mag-
netic field Bext of the star, for a fiducial system at 5 kpc and
model E of Priymak, Melatos & Payne (2011). We take Ma = Mc


and, as described in the text, one has Bext = B∗/2 for these mod-
els. We plot both the case of a 1 month integration (dot-dashed
curve for ET and dotted curve for Advanced LIGO) and a 2 year
integration (solid curve for ET and dashed curve for Advanced
LIGO). We can see Advanced LIGO will probe high field scenar-
ios, with 1011 G " Bext " 1012 G, while ET will be able to probe
fields of Bext < 1011 G.
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Figure 6. Example of a cyclotron spectrum, obtained with the
code of Priymak, Melatos & Lasky (2014) for a M = 1.4M⊙ NS
described by EOS E, with the following parameters: ι = π/4
(observer inclination relative to the rotation axis), α = π/4
(inclination of the magnetic axis relative to the rotation axis),
B∗ = 1012.8 G, Ma = Mc = 3.01426 × 10−7M⊙ (see Priymak,
Melatos & Lasky (2014) for a full description of the parame-
ters). The solid line represents the phase averaged spectrum, while
the dashed and dotted lines represent the phase resolved spectra
for two extreme rotational phases, ω = π/2 (dashed line) and
ω = 3π/2 (dotted line). While the energy of the lines remains
fairly constant the depth varies significantly with phase. The flux
is normalised to give unit peak flux.
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Spin equilibrium - r-modes?


[Ho, Andersson & BH (2011) , BH, Degenaar & Ho (2012),  
Mahmoodifar & Strohmayer (2013), Haskell et al. (2015)]
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Fig. 6 Energy density of the most promising astrophysical background contributions for
ground based detectors, discussed in the text. magnetars (threshold detectable by ET), binary
neutron stars, dynamical bar modes in proto neutron stars (courtesy of E. Howell) , r-modes
assuming that 1% of newborn neutron stars cross the instability window, population II core
collapse to neutrons (model of Ott et al. 2006) and to black holes (model D5a of Sekiguchi &
Shibata 2005), courtesy of S.Marrasi)


found that the energy density reaches a maximum ⌦


gw


⇠ 10


�9 around 1000 Hz, giving a signal to noise
ratio of 8.2.


Similarly, Zhu, Howell & Blair (2010) estimated the GW signal created by all core collapse super-
novae, to NS and BH, using Gaussian spectrum of the form


dE
gw


d⌫
= A exp(�(⌫ � ⌫⇤)/2�


2


) (28)


shown to be a good approximations of the models of Ott et al. (2006). Based on simulated spectra
of Dimmelmeier et al. (2008) and Sekiguchi & Shibata (2005), they considered different models with
� ⇠ 500 and ⌫⇤ = 200�800 Hz. They found that the signal may be detectable for efficiencies " > 10


�5


and " > 10


�7 for Einstein Telescope.


5.5 Capture by Supermassive Black Holes


The emission from the various populations of compact binaries, which represent the main source of
confusion noise for LISA, was studied intensively in the past decades (see for instance Kosenko &
Postnov 1998; Ignatiev et al. 2001; Schneider et al. 2001; Farmer & Phinney 2002; Cooray 2004 for the
extra-galactic contribution). The signal is expected to be largely dominated by white dwarf-white dwarf
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Conclusions


 NSs in LMXBs are interesting sources of continuous GWs


 Spin equilibrium ONLY an upper limit 


 Accurate modelling of the physics in the sources is needed 
for waveforms
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