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The pulsar J1023þ 0038 rotates with a frequency ν ≈ 592 Hz and has been observed to transition
between a radio state, during which it is visible as a millisecond radio pulsar, and a low-mass x-ray binary
(LMXB) state, during which accretion powered x-ray pulsations are visible. Timing during the two phases
reveals that during the LMXB phase the neutron star is spinning down at a rate of _ν ≈ −3 × 10−15 Hz=s,
which is approximately 27% faster than the rate measured during the radio phase, _ν ≈ −2.4 × 10−15 Hz=s,
and is at odds with the predictions of accretion models. We suggest that the increase in spin-down rate is
compatible with gravitational wave emission, particularly with the creation of a “mountain” during the
accretion phase. We show that asymmetries in pycnonuclear reaction rates in the crust can lead to a large
enough mass quadrupole to explain the observed spin-down rate, which thus far has no other self-consistent
explanation. We also suggest two observational tests of this scenario, involving radio timing at the onset of
the next millisecond radio pulsar phase, when the mountain should dissipate, and accurate timing during
the next LMXB phase to track the increase in torque as the mountain builds up. Another possibility is that
an unstable r mode with an amplitude α ≈ 5 × 10−8 may be present in the system.
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The system PSR J1023þ 0038 (referred to hereafter as
J1023) is a peculiar binary that has been observed to
transition back and forth between a radio millisecond pulsar
(RMSP) state and a low-mass x-ray binary (LMXB) state
[1]. The neutron star spins at a rate of ≈592 Hz, and the
companion star is a main sequence star of ≈0.2 M⊙.
Timing of the radio pulsations has led to a precise
measurement of the spin-down of the pulsar _ν ¼
−2.3985 × 10−15 Hz=s [2]. After the last transition, which
occurred in June 2013 [3,4], x-ray observations during the
LMXB state of J1023 allowed us to measure the accretion
powered pulsations [5] and the spin-down of the accreting
pulsar _ν ¼ −3.0413ð90Þ × 1015 Hz=s [6], which is approx-
imately 27% faster than the rate measured from timing
during the radio state.
The interpretation of the enhanced spin-down due to the

interaction between the accretion disk and the neutron star
magnetosphere is somewhat problematic because several
inconsistencies remain in each model considered (see
Ref. [6] for an extended discussion). For example, a
propeller model (see, e.g., Ref. [7]) with a standard α disk
where the inner portions are truncated and ejected from the
system, or an enhanced pulsar wind model [8], would
require a careful fine-tuning of the model parameters to
explain the close match between the observed radio and
LMXB spin-down rates. The most promising alternative
scenario is the trapped-disk model (see Refs. [9,10]), which
was instead proposed to explain the presence of outflows in
the system and the peculiar low luminosity of J1023 [6].

However, in this case the spin-down needs to be enhanced
during both the RMSP and the LMXB stage, meaning that
no difference in _ν should be observed.
Here, we propose an alternative scenario that would

solve this dilemma. We suggest that the additional spin-
down is due to gravitational wave (GW) emission, triggered
during the LMXB state. Evidence for the presence of GWs
in accreting neutron stars has recently mounted due to the
lack of submillisecond pulsars (see, e.g., Refs. [11,12]).
This may be due, specifically, to the formation of “moun-
tains,” i.e., asymmetries in the mass distribution, supported
either by crustal or magnetic strains, or unstable modes of
oscillation [13]. Note that these mechanisms have been
considered before in LMXBs [14–17], but always in the
context of spin balance, and it was generally found that it is
not easy to build a large enough mountain to balance
the spin-up torque due to accretion in these systems [18]
(with the notable exception of some persistently accreting
systems where the mountain could potentially be large
enough for the neutron star to be spinning down during an
outburst), and that detection of these signals would require
next generation gravitational wave detectors, such as the
Einstein Telescope [19,20].
The situation here is, however, radically different. The

accretion rate is much lower (on the order of 10−13 M⊙ yr−1

[6,7]) andwhile, on the one hand, this reduces the amount of
accreted mass that can build the mountain, on the other it
ensures that the spin-up torque is weak enough to not
contaminate the spin-down measurement. Furthermore, the
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precise spin-down rate obtained from radio timing allows for
a detailed comparison of the rates during the radio and
accretion phase, which is not possible for other LMXBs.
In conclusion, the spin-down rate we attribute to GW

emission is the difference between the enhanced rate during
the LMXB state and the previous rate during the radio
state, i.e.,

_νdiff ¼ −6.428 × 10−16 Hz=s: ð1Þ

The spin-down rate due to GW emission is

_νGW ≈ −1.4 × 10−13ν5500I
−1
45

�
Q22

1037 g cm2

�
2

Hz=s; ð2Þ

whereQ22 is the mass quadrupole moment, I45 the moment
of inertia of the neutron star in units of 1045 g cm2, and ν500
the spin frequency in units of 500 Hz.
We can see that, to explain the additional spin-down in

Eq. (1) for the spin-frequency of J1023, one requires a
quadrupole of

Q22 ¼ 4.4 × 1035I45 g cm2; ð3Þ

which corresponds to an ellipticity ε ≈ 5 × 10−10 (corre-
sponding to a strain h0 ≈ 6 × 10−28 for a distance to the
source of 1.4 kpc [21]), well below the maximum that can
be sustained without breaking the crust, εmax ≈ 10−5 [22].
Note that this is a conservative estimate of the GW
contribution, as we have neglected the spin-up torque
due to accretion which, although weak, may contribute
to the spin-up at a level of _νm ≈ 10−16 Hz s−1 for the
maximum accretion rate of _M ¼ 6 × 10−13 M⊙ yr−1. Let
us thus consider some of the most likely models to establish
whether they may lead to such a quadrupole in J1023.
First of all, we will consider the scenario in which

asymmetries in the local accretion rate and crustal compo-
sition can lead to asymmetric heat release due to pycno-
nuclear reactions in the crust, i.e., “deep crustal heating”
[23], that will source a mass quadrupole [14,24]:

Q22 ¼ 3 × 1035R4
12

�
δTq

105K

��
Eth

30 MeV

�
3

g cm2; ð4Þ

whereR12 is the radius in units of 12 km,Eth is the threshold
energy for the pycnonuclear reactions responsible for deep
crustal heating (corresponding to the electron chemical
potential in equilibrium), and Tq is the quadrupolar temper-
ature increase due to the reactions (which will be only a
fraction of the total heating δT). Rearranging, we see that we
require a quadrupolar temperature increase of

δTq ≈ 1.5 × 105R−4
12 I45

�
Eth

30 MeV

�
−3

K: ð5Þ

Is such a quadrupolar temperature increase possible in
J1023? The total local increase in temperature due to
pycnonuclear reactions is [25]

δT ≈ 102C−1
k p−1

30QMΔM21 K; ð6Þ

where Ck is the heat capacity in units of the Boltzmann
constant per baryon, p30 is the pressure in units of
1030 erg=cm3, QM is the heat released locally by the
reactions per accreted baryon in units of MeV, and ΔM21

is the accreted mass in units of 1021 g. To obtain an estimate
from the above expression, we will take an accretion rate of
5 × 10−14 M⊙=yr ≲ _M ≲ 6 × 10−13 M⊙=yr (estimated by
Ref. [7]) and thus consider that, in a year of accretion, the
system can accrete ΔM ≈ 1021 g.
To obtain the heat capacity, we first need to estimate the

temperature of the neutron star which is currently uncon-
strained from x-ray observations (which are dominated by
the thermal emission of the hot polar caps during the RMSP
state and by the accretion induced x-ray radiation during
the LMXB state [26,27]). To do this, let us consider heating
due to deep crustal heating at a rate [28]

WCH ¼ 6 × 1030
�

_M
10−13 M⊙=yr

�
erg=s; ð7Þ

which will be balanced by photon cooling at the surface,

Lph ¼ 1.7 × 1033R2
12

�
Ts

106 K

�
4

erg=s; ð8Þ

with Ts being the surface temperature, which, for an iron
envelope, can be related to the core temperature T by the
relation [29]

�
Ts

106K

�
4

¼ 2.42g14

�
18.1

T
109K

�
2.42

; ð9Þ

with g14 being the surface gravity in units of 1014 cm=s2, or
by Urca reactions if the star is massive enough, at a rate

LUrca ¼ 1033
�

T
2 × 107 K

�
6
�

Rc

3 km

�
3

erg=s; ð10Þ

with Rc being the radius of the core region in which Urca
reactions can proceed. For both cooling mechanisms,
and taking the maximum estimated accretion rate during
outburst, we obtain T ≲ 107 K for the star. At these temper-
atures, the heat capacity per baryon in units of theBoltzmann
constant is [30] Ck ≈ 10−6 at ρ ≈ 1012 g=cm3, which is
approximately the density close to the neutron drip point,
where most of the heating occurs (with Eth ¼ 30 MeV,
QM ¼ 0.5 MeV, and p30 ¼ 1).
From Eq. (6), we obtain a total heating rate of δT ≈

5 × 106 K for an accreted mass of ΔM ¼ 1020 g, which is
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what J1023 is expected to have accreted on the order of a
month during the LMXB state.
In order to build a large enough quadrupole, we see from

Eq. (5) that we would need (although note that deeper
layers will also contribute to the quadrupole, thus reducing
the required heating in a single layer at neutron drip)

δTq

δT
≳ 3 × 10−2: ð11Þ

There is no firm constraint on this quantity, with the only
limits coming from the nondetection in x rays of quad-
rupolar flux perturbations in quiescence in transiently
accreting LMXBs [20,24], which sets δTq=δT ≲ 0.1.
To obtain a first estimate,wemay assume that asymmetries

in the accreted mass at the surface are confined on a Rossby
adjustment radius [31], Ra ¼

ffiffiffiffiffiffiffiffiffiffiffiffiðp=ρÞp
=4πν ≈ 3 × 105 cm,

for J1023withp ¼ 1030 erg=cm3 and ρ ¼ 1012 g=cm3. The
rapid rotation rate of the source may thus allow for asymme-
tries in composition imprinted by accretion at the surface to
also persist deep in the crust. It is important to note, however,
that the flow in the outer crust is unlikely to be geostrophic,
and that friction may be acting on a faster time scale than
accretion.
Nevertheless, compositional asymmetries may be frozen

in [24] and would allow us to “build” the mountain over
successive accretion phases, as would stable magnetic field
burial [32]. If this were the case, we would predict the
increase in spin-down rate to remain even after the LMXB
state, and for the measured value in radio during the next
quiescent state to be the same as the current rate in x rays
(although we note that this scenario would be more fine-
tuned, as one would expect previous outbursts to be similar
to the current one, and for the mountain size to already be
saturated. Another possibility is that the mountain dissi-
pates on time scales of years, thus persisting in quiescence,
but dissipating before the next outburst).
In conclusion, it is likely that a large enough quadrupole

can be built on J1023 to explain the additional spin-down.
After the accretion phase is over, the mountain will be
washed away on a thermal time scale for the crust [28]
τth ≈ 0.2p3=4

30 yr, although we note that deeper layers, at
higher pressures than the ones we have considered, may
also contribute to the quadrupole and thus may dissipate on
longer time scales.
For mountains sustained by magnetic stresses, one

has [33]

Q22 ≈ 5 × 1032ΔM21A
�
1þ ΔM

Mc

�
−1

g cm2; ð12Þ

where A is a constant of order unity that depends on the
equation of state [34] and Mc ≈ 10−7ðB=1012GÞ4=3 M⊙ is
the critical mass at which the amplitude of the quadrupole
saturates. Note that, close to the critical mass, the simple

estimate in Eq. (12) is no longer accurate and numerical
simulations are necessary [35]. In general, close to the
critical mass one finds that the external dipolar magnetic
field is reduced by approximately an order of magnitude by
field burial, although numerical simulations seem to indi-
cate that, while the quadrupole saturates, magnetic burial
does not, and it may reduce the field even further [32,36].
Despite the uncertainties, the estimate in Eq. (12) suggests
that a large enough magnetic mountain cannot be built on
J1023 during an accretion phase, as the required amount of
mass would take much longer to be accreted. We will thus
not consider this mechanism further.
Another possibility is that modes of oscillation of the star

may grow unstable during the accretion phase and may
provide the additional gravitational wave spin-down torque.
The main candidate for this mechanism is the r mode [15],
as the f-mode instability will be stabilized by superfluid
mutual friction for temperatures below ≈109 K [37]. For an
internal temperature of T ≈ 107 K and ν ≈ 592 Hz, stan-
dard models of hadronic neutron stars would predict J0123
to be r-mode unstable (although see Refs. [38–40] for a
discussion of why additional physics is probably required in
these models). The spin-down rate due to an unstable r
mode of dimensionless amplitude α is, if we assume an
n ¼ 1 polytrope for the equation of state [41],

_ν ≈ −6.7 × 10−16
�

α

10−7

�
2

M1.4R4
12ν

7
500 Hz=s; ð13Þ

whereM1.4 is the neutron star mass in units of 1.4 M⊙. For
our source (takingM ¼ 1.71 M⊙, as reported in Ref. [42]),
we thus require

α ≈ 5 × 10−8R−2
12 ; ð14Þ

which is well below theoretical estimates of saturation
amplitudes [43] and is consistent with observational upper
limits on r-mode amplitudes in LMXBs [39,44,45]. It is
also well below current upper limits set by LIGO [46]
(although we note that these limits have been set from
observations of nonaccreting stars, and the situation may be
different in older stars with an accreted crust).
We can also estimate the heating that the r mode would

produce

Wr ≈ 4.5 × 1033
�

α

10−7

�
2

M2
1.4R

6
12ν

8
500 erg=s; ð15Þ

which, balanced by direct Urca reaction, gives T≈2×107K,
thus potentially contributing to reheating the system more
than deep crustal heating.
It is thus possible that the system lies close to the

instability curve and is pushed into the unstable region by
heating due to deep crustal reactions. The r mode can then
grow unstable and contribute to the observed spin-down
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increase, heating the system further. This scenario is,
however, problematic. If the damping time scale increases
with temperature, the r mode can indeed enter the insta-
bility window, but it is expected to undergo a thermal
runaway [47], which will only be halted if, at higher
temperatures, the damping time scale decreases with
temperature. Such a scenario, involving resonances with
other inertial modes, was suggested by Gusakov et al. [48]
and may lead to oscillations of the mode amplitude around
the equilibrium value [49,50].
Another possibility is that the saturation amplitude of the

mode is actually small, on the order of α ≈ 10−8–10−7,
which challenges most theoretical models [51] and requires
additional physics to be included in the picture, such as, for
example, the existence of a phase transition to quark matter
in the core [52]. Given our current understanding of r-mode
physics, this scenario would, therefore, appear to be
somewhat fine-tuned, although it cannot be excluded.
We note that this is not the case for crustal mountains,

which provide a natural explanation without requiring any
fine-tuning of the unknown model parameters. The strength
of the GW torque scales as the square of the quadrupolar
temperature δTq [see Eqs. (4) and (5)]. Since our ignorance
of the value of δTq=δT suggests that it can be anything
between 0 and 0.1, if we use a uniform distribution for our
priors, then the expectation value is hδTq=δTi ≈ 0.05. This
means that the observed value _νdiff ≈ ð0.03=0.05Þ2h _νGWi≈
0.4h _νGWi; i.e., _νdiff is more than one third of the expected
value h _νGWi. Since the value of the upper boundary
we have used, δTq=δT, is an upper limit, we expect
_νdiff ≳ 0.4h _νGWi. Therefore, there is no fine-tuning required
for crustal mountains.
There are two possible observational tests that can be

performed to verify whether GWs are the main cause of
the excess spin-down in J1023. The first relies on timing
the pulsations during the RMSP state. In this case, if the
quadrupolar asymmetry generating the GWs is dissipated
on a specific time scale, then the excess spin-down should
be observed to disappear on the same time scale. According
to our estimates, the main contribution to the quadrupole is
from layers close to neutron drip and will dissipate on a
thermal time scale of a few months, with contributions from
deeper layers dissipating on longer time scales of a few
years. If the excess spin-down is instead the result of the
interaction of the neutron star magnetosphere with the
accretion disk, then the excess spin-down should disappear
sharply once the transition to the RMSP state is completed.
On the other hand, if the mountain is being built cumu-
latively over successive LMXB states, as may be the case if
compositional asymmetries are frozen into the crust, then
the enhanced spin-down will persist during the next RMSP
state.
The second test can be performed during the LMXB state

and involves prolonged timing of the x-ray pulsations
observed during the accretion process. In this case, if the

mountain builds up over time as additional mass is
accreted, the enhanced spin-down should be observed to
increase approximately linearly over time, until the mecha-
nism saturates (assuming that the mass accretion rate
remains relatively constant, which is a very plausible
hypothesis for J1023 [3,27]).
It is also well known that intermittent pulsars show a

change in their spin-down rate between on and off states,
with variations between 50% [53] and 250% [54]. Such
variations might be related to changes in their magneto-
spheric configuration [55] with the increased spin-down
observed when the radio pulsar is on, i.e., the opposite of
what is seen in PSR J1023þ 0038. Therefore, if something
similar is occurring in our system, then the true spin-down
rate induced by GWs might be larger than estimated in
order to compensate for this effect.
Furthermore, if in the future the surface temperature of

the neutron star were to be measured, and resulted in an
estimate of the core temperature of T > 107 K, this would
suggest that an additional heating mechanism, in addition
to deep crustal heating, is active, supporting the hypothesis
that the r-mode instability is active. Confirming the
existence of an unstable r mode in J1023 would allow
us to constrain the instability window and the saturation
amplitude of the mode, thus constraining the interior
physics of neutron stars [20,56].
Finally, we note that, for a distance to the source of

1.4 kpc [21], the measured gravitational wave strain would
be h0 ≈ 6 × 10−28, which is below the detection limit for
current interferometers but is potentially detectable by next
generation interferometers such as the Einstein Telescope,
if the signal is long-lived and can be integrated over
outburst time scales on the order of a few years. If thermal
and compositional asymmetries, such as those calculated
here, are typical for LMXBs, however, other rapidly
rotating sources with higher accretion rates are likely to
be good targets for current GW searches [20].
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