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ABSTRACT

We present a timing analysis of the transitional millisecond pulsar PSR J1023+0038 using observations taken between 2018
January and 2020 January with the high time resolution photon counter Aqueye+ mounted at the 1.82 m Copernicus telescope
in Asiago. We report the first measurement of the timing solution and the frequency derivative of PSR J1023+0038 based
entirely on optical data. The spin-down rate of the pulsar is (—2.53 # 0.04) x 10~'5 Hz2, which is ~20 per cent slower than that
measured from the X-ray observations taken in 2013-2016 and ~5 per cent faster than that measured in the radio band during

the rotation-powered state.

Key words: accretion, accretion discs —stars: neutron — X-rays: binaries.

1 INTRODUCTION

Millisecond pulsars (MSPs) are believed to be rather old and fast
rotating neutron stars formed in binary systems that then spun up to
millisecond periods during long-term accretion from a companion
star (see e.g. Alpar et al. 1982; Radhakrishnan & Srinivasan 1982).
MSPs are usually observed either as accreting X-ray pulsars or as
rotation-powered radio pulsars with no ongoing accretion. Recently,
it was discovered that a few members of the MSP population,
called transitional millisecond pulsars (tMSPs), show an amazing
behaviour. They switch between an accretion-powered and a rotation-
powered regime. At present, we know three sources that behave in this
way: PSR J1023+0038 (Archibald et al. 2009), PSR J1227—4853
(de Martino et al. 2010), and PSR J1824—2452 (Papitto et al. 2013).

PSR J1023+0038 is a tMSP currently in a low-mass X-ray
binary (LMXB) state. So far, it is the only tMSP that has shown
detectable pulsed emission in the optical band. Optical pulsations
were discovered with SIFAP at the Telescopio Nazionale Galileo
(Ambrosino et al. 2017) and soon confirmed with Aqueye+ at the
Copernicus telescope in Asiago (Zampieri et al. 2019), and also with
the panoramic photometer—polarimeter mounted at BTA in Nizhniy
Arkhyz (Karpov et al. 2019). Papitto et al. (2019) studied in detail
the properties of the optical and X-ray pulses performing the first
high time resolution multiwavelength observational campaign of this
source.

The exact mechanism of these pulsations is still under discussion.
Different models have been proposed to explain it (see e.g. Bozzo et

*E-mail: aleksandr.burtovoi90@gmail.com (AB); luca.zampieri@inaf.it
(LZ)

al. 2018; Campana et al. 2019; Papitto et al. 2019; Veledina, Nittild &
Beloborodov 2019, and references therein for a detailed review
of the theoretical models). In order to improve our understanding
on the properties of optical pulsations and the underling emission
mechanism, it is important to increase the number, accuracy, and
baseline of the available optical measurements.

In our previous work (Zampieri et al. 2019), we demonstrated
the capability of the fast photon counter Aqueye+ in detecting
significant optical pulsations from PSR J1023+0038 and in deriving
an independent optical timing solution over a baseline of a few days.
In this work, we extend this study, performing a detailed timing
analysis of five runs of Aqueye+ taken in 2018-2020. Our main goal
is to find an accurate timing solution and to measure the frequency
derivative of PSR J1023+0038.

In Section 2, we present the details on the Aqueye+ observations
and the data reduction. The procedure used to perform the correction
for the orbital motion, along with the results on the timing analysis,
is reported in Section 3. The discussion and conclusions follow in
Section 4.

2 OBSERVATIONS AND DATA REDUCTION

We carried out five observing runs of PSR J10234-0038 with
Aqueye+! fast photon counter (Barbieri et al. 2009; Naletto et al.
2013; Zampieri et al. 2015) mounted at the 1.8 m Copernicus
telescope (Asiago, Italy) during 3 yr since 2018 January (see the
summary of the observations in Table 1).

Uhttps://web.oapd.inaf.it/zampieri/aqueye-iqueye/index.html
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Table 1. Summary of the Aqueye+ observations of PSR J10234-0038 taken
at the 1.8 m Copernicus telescope in Asiago during five runs in 2018, 2019,
and 2020. Start times refer to the Solar system barycentre. The total (non-
continuous) on-source observing time Typs for each night is listed in the third
column. Correction ATy and the time of the ascending node passage Tagc
calculated from the epoch folding search are shown in the last two columns.

Obs. night Start time Tobs ATS, Tasc

(MJD) (ks) (s) (MJD)
Run 1
2018 January ~ 58140.0140070719 12.6  10.87 £0.26 58139.893489(3)
22
2018 January  58141.0322954264 10.8 11.18 £0.23 58140.883974(3)
23
2018 January  58142.0703056106 10.8 11.56 £ 0.18 58141.874460(2)
24
2018 January ~ 58143.0399887431 9.9 11.55 £ 0.07 58142.8649416(8)
25
Run 2
2018 58463.0679998575 9 2292+ 0.16 58462.988719(2)
December 11
2018 58464.0446229072 13.5 2293 £0.08 58463.9792008(9)
December 12
2018 58465.0343255807 12 23.17 £0.20 58464.969685(2)
December 13
2018 58466.0467962778 11.7  22.63 £0.17 58465.960160(2)
December 14
2018 58467.0313471542  13.2 2288 £0.15 58466.950645(2)
December 15
Run 3
2019 February 58518.9578030587 13.5 24.13 £0.29 58518.851894(3)
4-5
2019 February 58519.8790642319 19.8 24.70 £ 0.07 58519.8423822(8)
5-6
2019 58520.8774679789 18 2445 +£0.06 58520.8328609(7)
February 6-7
Run 4
2019 58813.0771640569 10.8  33.03 £ 0.07 58813.0250256(8)
November 26
Run 5
2020 January ~ 58875.0191847258 10.8  33.50 £0.10 58874.831081(1)
27
2020 January  58876.9346872752 183 33.59 £0.16 58876.812046(2)
28-29
2020 January ~ 58877.9332196822 12.6  33.37 £0.07 58877.8025247(8)
29-30
2020 January ~ 58878.9690555457 9 33.29 £0.17 58878.793005(2)
31

“The uncertainty on AT, is the square root of the diagonal term of the covariance
matrix of the fit that corresponds to the centroid of the Gaussian function.

The data have been reduced with the que st software (v. 1.1.5; see
Zampieri et al. 2015). Arrival time of each photon was referred to
the Solar system barycentre using the tempo2 package in TDB
units (Edwards, Hobbs & Manchester 2006; Hobbs, Edwards &
Manchester 2006), using the JPL ephemerides DE405. The position
of PSR J1023+0038 was taken from Jaodand et al. (2016): o =
10"23m47:687198, § = +00°38 408455 at epoch MJD 54995.

We modified the barycentred time series correcting the photon
arrival times for the pulsar orbital motion. The orbital parameters
are taken from Jaodand et al. (2016): a/c = 0.343356 s, Py =
0.1980963155 d. The reference date for the ascending node passage is
MID 57449.7258 (Ambrosino et al. 2017). We assume no variation of
the orbital period of the system with time. All variations of the orbital
parameters are accounted for changing the time of the ascending node
passage (see Jaodand et al. 2016).
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Figure 1. Evolution of the time of the ascending node passage Tasc.
ATy, radio 18 defined as a difference between the actual value of T, and
that calculated using radio timing solution (Archibald et al. 2013; Jaodand
et al. 2016). The dashed line shows a fourth-order polynomial function fit to
the AT, radio measurements.

3 ANALYSIS AND RESULTS

3.1 Search for the epoch of the ascending node passage

During the accretion state of PSR J1023+4-0038, the epoch of the
ascending node passage Ty is known to show significant variations
with time of the order of several seconds (see e.g. Jaodand et al. 2016;
Papitto et al. 2019). To account for this, we performed an accurate
epoch folding search for T, for each observing night. We folded
the barycentred time series corrected for the binary motion assuming
different values of Ty, with the aim to find the one that gives the
pulse profile with the highest x2. The folding period for each night
was calculated extrapolating the X-ray ephemerides from Jaodand
et al. (2016). Combing the data accumulated during a full observing
night (i.e. several hours of observation) allows us to detect the pulse
profile with a significance of >3.20 [x? = 37 for 15 degrees of
freedom (d.o.f.), 16 phase bins].

In order to determine 7, we first performed a preliminary search
within an interval of £2 min around the expected value in steps of 2 s.
Then, a finer search was carried out within +10 s around previously
estimated value, using steps of 0.5 s. The final value of the correction
AT, to the time of the ascending node was determined by fitting the
peaks of the x? distribution with a Gaussian function (see Table 1).
The uncertainty on AT, is calculated as the square root of the
diagonal term of the covariance matrix of the fit that corresponds to
the centroid of the Gaussian function.

Since T,s does not vary significantly on a time-scale of several
days, for all the observations of the same run we adopted the same
value of ATy, determined for the observing night with the highest
x?2. For the 2018 January run, AT, is equal to 11.55 s (as inferred
from the January 25 data), for the 2018 December run, it is equal
to 22.93 s (as inferred from the December 12 data), for the 2019
February run, AT, = 24.45 s (as inferred from the February 6-7
data), for the 2019 November run, AT, = 33.03 s (as inferred from
the November 26 data), and for the 2020 January run, AT, =33.37 s
(as inferred from the January 29-30 data).

We calculated also the difference ATy ragio between our value of
the time of the ascending node passage and that calculated using
the radio timing solution (Archibald et al. 2013; Jaodand et al.
2016) at the epoch of the Aqueye+ observations. The long-term
evolution of ATy radgic Shown in Fig. 1 can be reasonably well

MNRASL 498, .98-1.103 (2020)
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Figure 2. Pulse profile of PSR J1023+0038 obtained folding one night
of observations (2018 January 25) using the reference period Pjnix =
1.687987440 ms and 16 phase bins. Two rotational phases are shown. The
solid line shows the fitting function f{x) (equation 1). The dashed and dot—
dashed lines represent the two harmonically related sinusoids. The grey area,
which is rather narrow, marks the position of the main peak, including its
estimated uncertainty.

described by a fourth-order polynomial function. Similar figures
have been published earlier (see e.g. Jaodand et al. 2016; Papitto
et al. 2019). However, the latest Aqueye+ measurements show an
increasing trend of ATy radgic With time since 2017 May (MJD
57896). Although the overall evolution of T, is still consistent
with a random (red-noise) process, the continuous steady increase
that we detected between 2018 and 2020, if confirmed with future
observations, could in fact indicate a systematic underestimate of the
orbital period of the system.

3.2 Analysis of the individual Aqueye+ runs

For each run, we performed a phase fitting of the Aqueye+ data
corrected for the binary motion using the values of T determined
as explained in Section 3.1. We folded separately each night of
observations acquired during a single run (Table 1) using 16 phase
bins. A different reference period Pi,; was adopted for folding the
data of each run. The value of Pj,; was calculated extrapolating the
X-ray ephemerides from Jaodand et al. (2016) at the beginning of
the run.

The folded pulse profiles were then fit with an analytical template,
which reproduces the shape of the pulse profile of PSR J1023+0038.
Following Ambrosino et al. (2017) and Zampieri et al. (2019), we
adopted the sum of two harmonically related sinusoids plus a constant
(see e.g. Fig. 2):

F(x) = K {1+ A, sinQnr[x — x1]) + As sin(d7[x — x2])}. (1

In order to track the phase of the pulsar, we determined the position
of the most prominent peak of each pulse profile. We calculated the
local maxima of the best-fitting function f computing the zeros of the
derivative / = dfidx. Uncertainties of the peak position have been
estimated from the difference of the zeros of the functions f + §f
and f, where 8f was obtained propagating the errors of the fitted
parameters p; on f:

= 22 (5) (i) @

ap;

o is the covariance matrix of the fit, whereas the parameters p;
correspond to xy, X2, Ay, Az, and K. The typical uncertainty on the
position of the peak determined in this way is ~0.007, or ~12 ps.
The peak positions obtained for each night of the same run were
then fit with a phase function of the form: ¥ (r) = ¢(r) — (r —

MNRASL 498, L98-1.103 (2020)

10)/Pinie (Zampieri et al. 2014). In this equation, ¢(¢), the actual
rotational phase of the pulsar, is modelled for each run as a first-
order polynomial: ¢(f) = ¢y + vo(t — tp), where ¢¢ and v, are
the phase and frequency of the pulsar at the reference time #y. The
resulting timing solutions, with the final fitted values of ¢ and v,
for all Aqueye—+ runs (except the 2019 November run), are listed in
Table 2. Since only one night of good data has been acquired in 2019
November, we were not able to obtain a local timing solution for this
run.

The parameters ¢, and v, of the timing solution obtained for the
2018 January run are consistent with those reported in Zampieri et al.
(2019). The present fit has slightly smaller uncertainties in ¢, and
v than those reported in Zampieri et al. (2019), because we adopt a
linear in place of a quadratic spin-down law. In addition, since there
is evidence that the ratio of the amplitudes of two sinusoids (A,/A;)
varies from night to night, we left it free in the present fit, while it
was kept fixed in Zampieri et al. (2019).

We note that the reduced yx? calculated for the linear fit of the
2018 December and 2020 January runs is rather high (12.4 and 6.2,
respectively). The significant scatter of the phase measurements is
likely caused by the intrinsic timing noise of the pulsar and/or by
uncertainties in the values of the orbital parameters (see Section 4).
To account for this, as better estimate of the actual uncertainty
of the phase measurement we considered the dispersion (standard
deviation) of the phase measurements around the best-fitting linear
model, which is equal to 0.02 for the 2018 December and 0.01 for the
2020 January run. Refitting the pulsar phases, we obtained a value of
the reduced x? close to 1. The best-fitting parameters are consistent
with those reported in Table 2.

We also tried to fit the measured phases of each single run with
a second-order polynomial function, but we have not been able to
determine the frequency derivative v. Only an upper limit was derived
(0] £ 1 x 10712 HZ?).

3.3 3-yr timing solution from Aqueye+ data

We combined the data from all five observing runs of Aqueye+ and
obtained a timing solution valid from 2018 January through 2020
January. We measured the phases of the main peak as described
in Section 3.2, folding all the data with common reference period
Pinic = 1.68798744634 ms and reference time ty = 58518 MJD. We
conservatively adopted the standard deviation of the phases of the
2018 December run (0.02; see Section 3.2) as the errors on all phase
measurements.

In order to obtain the 3-yr timing solution, we fit the measured
phases using a second-order polynomial function: ¥ (7) = ¢o +
(vo — 1/ Pyit) (t — to) + (09/2) (t — 19)*. Since the integer numbers
of cycles between runs separated by more than ~3 months are
uncertain (run 1-2 and 3-4 in Table 1), we determined them
minimizing the x? of the phase fit. The four timing solutions with the
lowest values of the x> are shown in Fig. 3 and reported in Table 3,
where Ni = int[¥/vp 58518 — ¥ ssi40] and Ny = int[¥rvp 58813
— Ymip sssis)- Although the residuals of these timing solutions are
rather high (o > 3), they provide a reasonable representation of the
average evolution of the pulsar phase. Fitting the phases with other
combinations of N; and N, resulted in even higher residuals (x* >
100 with o; > 8) and therefore we did not consider them further in
our analysis.

In order to place an additional constraint on the frequency
derivative and the timing solution, we added the past XMM-Netwon
measurements of the rotational frequency (Jaodand et al. 2016) to
the Aqueye+ measurements. In this way, we tested whether the
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Table 2. Timing solutions of PSR J10234-0038 for the four separate Aqueye-+ observing runs.

L101

2018 January run” 2018 December run® 2019 February run® 2020 January run?
1o (MID) 58140 58463 58518 58875
oo 0.108 + 0.002 0.26 & 0.02 0.799 + 0.008 0.242 +0.017
vo (Hz) 59242146753 + 1 x 1078 59242146760 & 11 x 1078 59242146746 + 4 x 1073 59242146750 + 7 x 10~3
Po (ms) 1.68798744612 4+ 0.3 x 10710 1.6879874459 + 3 x 10~10 1.6879874463 £ 1 x 10~10 1.6879874462 £ 2 x 1010
x2/d.ofe 0.3/(4-2) 37.1/(5-2) 0.8/(3-2) 12.3/(4-2)
Timing noise’ 0.005 0.045 0.005 0.023

Pric = 1.687987440 ms. PPy = 1.68798744645 ms. Py = 1.68798744649 ms. Py = 1.68798744675 ms. ¢x? value of the linear phase fit. / Timing noise

is calculated as the sum of the residuals of the linear fit (in quadrature).
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Figure 3. Top panel: Phases v (f) of PSR J10234-0038 measured over five
Aqueye+ runs with respect to a uniform rotation with period Pjyj, fit with a
second-order polynomial function. The integer number of cycles [Ny, N2] is
assumed to be equal to [—2, O] (blue solid line and circles), [—3, 0] (orange
dashed line and triangles), [—3, 1] (green dot-dashed line and squares), and
[—2, 1] (red dotted line and diamonds). The insets show residuals of the fit for
[N1, N2] equal to [—2, 0] with the x-axis in days starting from MJD 58518.
Bottom panel: The spin evolution v(#) derived from the final timing solution
for different values of Ny and N,. The butterfly plots, which are rather narrow,
are calculated propagating the 1o uncertainties. The values of the frequency
obtained from the individual timing solutions of each run are plotted as black
open circles (see Table 2).

Table 3. The values of x2 of the phase fit for different values of N and N;.
The last two columns list the sum of the squares of the differences between v(7)
and the individual measurements of the rotational frequency obtained in the
X-ray and optical bands divided by the corresponding squared uncertainties
( xf,(x +opy)® S€€ (ext for details), and the value of the frequency derivative
inferred from the fit (V). The rejection probability calculated from the chi-
square distribution is reported in terms of Gaussian sigma (o rcj). The number
of d.o.f. is equal to 14 (= 17 — 3) for x2 and 8 for X3,<x+npt)~

vy (x10713
Ny Ny X2 (O'rej) X\?.(xﬂ)pl) (O'rej) sz)
-2 0 45.16 (4.10) 11.93 (1.40) —2.53 £0.04
-3 0 47.45 (4.30) 98.30 (>80) —3.60 £ 0.04
-3 1 59.98 (5.30) 37.55 (4.40) —2.65 £0.04
-2 1 90.41 (7.30) 44.41 (5.00) —1.58 £0.05

= - 0

= . 0
r~ 61 S - 1

| R o1

S n —— ¥ XMM-Newton (Jaodand et al. 2016)
~ . Aqueye+ (this work)
i
I

—

| 0
= 2
56500 57000 57500 58000 58500
t (MJD)

Figure 4. Same as Fig. 3 (bottom panel) overlaid with the X-ray mea-
surements (black open triangles) of the frequency adopted from Jaodand
et al. (2016). The black double-dot—dashed line shows the spin evolution v(¢)
derived from the best-fitting X-ray timing solution. The grey area corresponds
to the butterfly plot of the joint linear fit of the X-ray and optical frequency
measurements.

long-term evolution of the spin frequency during the interval of time
covering the X-rays and optical observations (~6 yr) is consistent
with the trend inferred from the timing solutions reported in Table 3.
For each timing solution, we calculated the rotational frequency v(r)
and compared it with the values reported in Jaodand et al. (2016) and
those measured for each individual optical run (see Fig. 4).

We calculated the sum x , +opy Of the square differences between
v(#) and the individual measurements of the rotational frequency
divided by the corresponding squared uncertainties. As shown in
Table 3, the timing solution calculated for Ny = —2 and N, = 0 shows
the best agreement between the long-term and ‘local’ values of the
spin frequencies. In the assumption that the frequency noise is not
significant, this solution is then favoured. The resulting parameters of
this timing solution are listed in Table 4. The values of the frequency
and its derivative are consistent with those obtained performing a
joint linear fit of the X-ray and optical frequency measurements (see
the grey area in Fig. 4): vg(#)) = 592.42146790 £ 3 x 10-8 Hz and
V() = (—2.8 £0.3) x 107> Hz?, where #; = 56606.6 MID.

We tried to perform a fit of the phase measurements using a third-
order polynomial function (introducing ¥). Although we obtained
several timing solutions with statistically satisfactory phase fits, none
of them is able to reproduce well the long-term evolution of the spin
frequency.

In an attempt to characterize the noise of the phase measurements
around the best timing solution ([—2, 0]), we fit the corresponding
phase residuals with a sinusoidal function plus a constant. The
resulting value of the amplitude of the sinusoid is 0.07 £ 0.01,
whereas the period is 132.7 + 0.9 d.

MNRASL 498, .98-1.103 (2020)

2202 UYoIe|\ 6Z Uo Jasn ajewiue eifojoiq Ip eoslolqig * 9zualid 1 1PMS 11Ba@ AN AQ 9Z65/85/8671/1/861/2101ME/|SBIU/W0D dNo"dlWapEdE//:SA)Y WOI) PAPEOIUMOQ



L102  A. Burtovoi et al.

Table 4. Quasi-coherent 3-yr timing solution of PSR
J1023+0038 for five observing runs with Aqueye+,
calculated for Ny = —2 and N, = 0.

All Aqueye+ observations in 2018 January—2020

January
b0 0.745 4+ 0.013
vo (Hz) 5924214674668 & 4 x 10710
o (Hz?) (—2.53 £0.04) x 1071
Po (ms) 1.6879874462956 & 1.1 x 10712
x2/d.ofe 45.16/(17-3)
Xor (xpopy/d-0-£.7 11.93/8

Note. Pinir = 1.68798744634 ms and ) = 58518 MID.
The timing noise, calculated as the sum of the residuals
from the fitted model in quadrature, is equal to ~0.14.
%2 value of the parabola fit of the measured phases. *The
XS, (x+opt) value is calculated as the sum of the square dif-
ferences between v(f) and the individual measurements of
the rotational frequency obtained in the X-ray and optical
bands (see text for details) divided by the corresponding
squared uncertainties.

4 DISCUSSION AND CONCLUSIONS

We report the first measurement of the frequency derivative and the
quasi-coherent timing solution of PSR J1023+4-0038 entirely obtained
in the optical band.

As shown in the previous section, the long gaps between observing
runs prevented us from uniquely determining the differential number
of phases between 2018 January and December (N;), and 2019
February and November (V). This clearly means that the information
on the continuous variation of the pulsar phase is lost. However,
in the assumption that the pulsar has a characteristic phase and
frequency noise not significantly larger than that measured in a
single observing run (with the standard deviation of the phase
measurements equal to ~0.02; see Section 3.2), fitting the available
measurements with different combinations of N; and N, allows us
to constrain the possible values that they can assume. Considering
the four combinations of N} and N, with the lowest x> significantly
reduces the indetermination on the timing solution, which is finally
selected on the basis of a joint fit to all the available X-ray and
optical frequency measurements. This timing solution (with N, =
—2 and N, = 0) shows the lowest phase and frequency residuals
and, because of the way in which it is reconstructed, is referred to as
‘quasi-coherent’. It reproduces adequately well the evolution of the
pulsar rotational phase and frequency measured in the optical band
from 2018 January through 2020 January, and gives a spin-down rate
of b = (=2.53+£0.04) x 10715 Hz2.

We note that a certain level of phase noise is clearly present
in the data of all five Aqueye+ runs. Fitting the phase residuals
around the total timing solution with a sinusoidal function, we
obtained that the phase noise has an amplitude of ~0.07. Timing
irregularities of similar amplitude have been already observed in
the radio band during the rotation-powered state. Archibald et al.
(2013) showed that these irregularities have a periodic modulation
caused by uncertainties in the knowledge of the orbital parameters
of the system. Such kind of phase noise can in fact take place in our
analysis, since we used a fixed epoch of the ascending node passage
T for each single run.

As it can be seen from Fig. 4, our best optical timing solution is
in an agreement with past and current ‘local’ measurements of the
spin frequency made in the X-ray and optical bands, respectively.
We found a value of ¥ close to that measured in the radio band
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during the rotation-powered state v, = —2.3985 x 101> Hz> (as
reported in Jaodand et al. 2016). However, it is significantly smaller
(by ~20 percent) than that obtained from the X-ray observations
taken in 2013-2016 by Jaodand et al. (2016) [V, = (—3.0413 +
0.0090) x 107! Hz?]. Although we cannot exclude the possibility
that the value of ¥ has changed with time, the currently available
measurements of the frequency do not allow us to put a stringent
constrain on . Fitting jointly the X-ray and optical frequency
measurements with a parabola function, we obtained the best-fitting
i = (2.5 4 1.0) x 10723 Hz>. We note that performing the fit of the
optical phase measurements with a third-order polynomial function
(introducing V), we obtained no timing solution that describes well
both the optical phase measurements and the long-term evolution of
the spin frequency. The X-ray timing solution extrapolated to the
dates of the Aqueye+ runs is not consistent with the best optical
timing solution as well.

The average spin rate of PSR J1023+0038 during the disc state is a
crucial piece of information to understand the mechanism powering
this source. The X-ray measurement from Jaodand et al. (2016)
implies that the pulsar is spinning down at a rate 26.8 per cent faster
than that measured during the radio pulsar phase. Haskell & Patruno
(2017) proposed that this increase in spin-down rate is compatible
with gravitational wave emission induced by asymmetries in pycno-
nuclear reaction rates in the crust leading to a mass quadrupole large
enough to account for the observed ¥. We obtained that pulsar spin-
down rate is only ~5 per cent faster than v;, which suggests that the
losses due to emission of gravitational waves are probably lower than
those proposed in Haskell & Patruno (2017).

Our results are more in line with the scenario reported in Papitto
et al. (2019). They show that optical and X-ray pulsations are likely
to originate from a common underlying physical mechanism. They
also propose that optical and X-ray pulses are synchrotron emission
produced at the intrabinary shock that forms where a striped pulsar
wind meets the accretion disc, within a few light cylinder radii away
(~100 km) from the pulsar. In this scenario, the average pulsar spin-
down should be dominated by the magnetic dipole and pulsar wind
emission, and hence be comparable to that measured during the radio
pulsar phase.

Performing future observations with Aqueye+, it will be possible
to continue monitoring an evolution of the pulsar spin-down. In
addition, the larger data set will allow us to study the long-term
orbital variations and, in particular, the time of the ascending node
passage Ty during the LMXB state.
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