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Low Mass X-ray Binaries

Mass is stripped from the donor 

Forms a disc and spirals in 

Interacts with the magnetic field 

Transfers angular momentum to 

the central NS, spinning it up 

Weak B fields B ⇡ 108G
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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

Cutoff of distribution at ~ 730 Hz

(Chakrabarty et al 2003, Patruno 2010, Papitto et 
al. 2014, Patruno, BH and Andersson. 2017)

(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, D’Angelo 2016, Bhattacharya & Chakrabarty 2017)

✏ ⇡ 10�7

Fastest Neutron Star: 719 Hz
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(Theoretical lower limit on max breakup f ~1200 Hz - BH et al. in preparation)



(Ushomirsky, Cutler, Bildsten 2000)

 Mountains from ‘wavy’ capture layers in crust         

 Deep crustal heating ‘consistent’ with 
cooling  observations from X-ray transients.         

Thermal mountains

(Haensel & Zdunik 1998, 2008) (Degenaar et al 2015)
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Magnetic mountains
 

In accreting systems 
Magnetic field distorted by  
the accretion f low 

 Possibility of confining a 
‘mountain’ 
(Payne & Melatos 2005, Priymak et al. 2011, Mukherjee et al. 
2012)
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 Chuck’s talk! (Fattoyev et al. 2018) 

 r-modes: Ben’s talk, Kai’s talk



Spin distribution is bimodal, with 
a cutoff around 540 Hz 

Slow population widely 
distributed around 300 Hz 

Ms Radio Pulsar distribution is 
NOT bimodal, but consistent with 
the slow population

The spin of Low Mass X-ray Binaries

(Patruno, BH & Andersson 2017)
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Spin distribution is bimodal, with 
a cutoff around 540 Hz 

Slow population widely 
distributed around 300 Hz 

Ms Radio Pulsar distribution is 
NOT bimodal, but consistent with 
the slow population

The spin of Low Mass X-ray Binaries

(Patruno, BH & Andersson 2017)
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Which are the fast pulsars?

 6 NXPs, 4 AMXPs (30 in the full sample) 
 Two ‘transitional’ pulsars 
 one is J1023+0038: well monitored in radio and X-ray

⌫̇
radio

= �2.3985⇥ 10�15 Hz/s

⌫̇
xray

= �3.0413⇥ 10�15 Hz/s 27% faster!

 Problem for accretion torque models....
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So what about GWs?

 Can GWs explain the additional spin-down?

⌫̇di↵ = �6.428⇥ 10�16 Hz/s

Q22 ⇡ 4.4⇥ 1035 g cm2

" ⇡ 5⇥ 10�10

 Mountain:

 r-mode

↵ ⇡ 5⇥ 10�8

(BH & Patruno 2017)

h ⇡ 6⇥ 10�28
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So what about GWs?

 Thermal Mountain:

Q22 ⇡ 3⇥ 1035
✓

�Tq

105 K

◆✓
Eth

30 MeV

◆3

g cm2

(Ushomirsky, Cutler & Bildsten 2000)

�T ⇡ 5⇥ 10

6
K after 1 month of accretion

�Tq

�T
⇡ 0.03 (BH & Patruno 2017)
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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

If deformations of  J1023+0038 are typical, 
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 buried 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)
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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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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
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2011; Chakraborty & Bhattacharyya 2012).
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instabilities do occur, but they do not disrupt the moun-
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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
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tains and weak GW emission, that would be undetectable
for most systems, even for ET. The only systems that would
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In figure 5 we show the GW strain expressed in terms of

an equivalent Bext obtained from equation 18, using model
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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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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
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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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�Tq

�Twhat is ?

Solve for equilibria of accreted matter on a 
magnetised star (work by Neha Singh, Grad 
Shafranov code by Dipanjan Mukherjee) 

Assume capture layers are perturbed
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work by Neha Singh (University of Warsaw)

Extrapolate linearly to neutron drip

For accretion on full 70 degree cap 

For accretion on a 10 degree cap

B = 5⇥ 108G

�Tq

�T0
⇡ 0.001

�Tq

�T0
⇡ 0.1

PR
ELI
MI
NA
RY

PR
ELI
MI
NA
RY
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Conclusions

There is a ‘fast’ and a ‘slow’ population of LMXBs

In the ‘fast’ population GW emission may be efficient

PSR J1023 may be building a mountain and emitting GWs 
during accretion..the next transition to radio wil l help 
constrain the model

If deformations persist at this level some of these systems 
may be interesting sources of GWs..especially those with 
long outbursts.

Accretion geometry fundamental to determine quadrupolar 
deformations
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