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Millisecond pulsars are neutron stars that attain their very fast rotation during a 10%-10° yr-
long phase of disk-accretion of matter from a low mass companion star2. They can be
detected as accretion-powered millisecond X-ray pulsars if towards the end of this phase
their magnetic field is strong enough to channel the in-flowing matter towards their magnetic

poles®. When mass transfer is reduced or ceases altogether, pulsed emission generated by


http://arxiv.org/abs/1709.01946v2

magnetospheric particle acceleration and powered by the star rotation is observed, preferen-
tially in the radio? and gamma-ray” bands. A few transitional millisecond pulsars that swing
between an accretion-powered X-ray pulsar regime and a rotationally-powered radio pul-
sar regime in response to variations of the mass in-flow rate have been recently identified®”.
Here we report the detection of optical pulsations from a transitional pulsar, the first ever
from a millisecond spinning neutron star. The pulsations were observed when the pulsar
was surrounded by an accretion disk, and originated inside the magnetosphere or within a
few hundreds of kilometers from it. Energy arguments rule out reprocessing of accretion-
powered X-ray emission and argue against a process related to accretion onto the pulsar
polar caps; synchrotron emission of electrons in a rotation-powered pulsar magnetosphere®

seems more likely.

PSR J1023+0038 is a 1.69 ms spinning neutron star in a 4.75 hr orbit around a 0.2 M
main-sequence-like companion, located at a distance® of 1.37 kpc. It was discovered in 2008 as a
rotationally-powered radio pulsar® releasing a spin down power® of 4.3 x 10** erg s~!, correspond-
ing to a surface magnetic field of ~ 10® G. In June 2013 radio pulsations disappeared and an accre-
tion disk developed, accompanied by a factor of ~ 10 increase both in the average’®'2 and pulsed
X-ray flux1*%0 a5 compared to the radio pulsar regime. This increase was ascribed to channeled
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mass accretion onto the pulsar polar caps, even though the X-ray luminosity™ (~ 7 x 1
0.3-79 keV) was considerably lower than both the luminosity of accreting millisecond pulsars in

outburst, and the luminosity corresponding to the mass accretion rate required to overcome the

centrifugal barrier of the pulsar rotating magnetosphere and its propelling effect (assuming matter



reaches the neutron star). Its gamma-ray'? and flat-spectrum continuum radio emission, consistent
with a jet-like outflow!® add to the complex phenomenology of PSR J1023+0038 in the accretion
disk state, possibly being manifestations of the interaction between the disk, the pulsar magne-
tosphere and its wind!®™1208  Archival observations® indicate that PSR J1023+0038 was in a
similar state in 2001. The optical counterpart of PSR J1023+0038, AY Sex, in the disk state is
a g ~ 16.7 mag blue object that emits an average luminosity’™ of L, ~ 10% erg s~! in the
320-900 nm band. Most of the optical/UV emission originates from the outer regions of the disk,
and from the companion star’s face illuminated by the pulsar high-energy radiation, which drives

a Ag ~ 0.4 mag modulation™ of the optical flux at the orbital period of the system.

During a 4 hour-long observation carried out on 2016, March 2-3 with SiFAP, a fast pho-
tometer with 25 ns time resolution that was mounted at the 3.58 m INAF’s Telescopio Nazionale
Galileo (TNG) in La Palma, Spain (see Methods), we discovered optical (320-900 nm) pulsations
at the spin period of PSR J1023+0038 (see Fig. D). In order to detect the signal we corrected
the arrival times of the optical photons for the light travel time delays introduced by the pulsar
orbit by using the ephemeris derived from the X-ray pulsations?® (see Tab. ). PSR J1023+0038
was in a disk dominated state at the time of the SiIFAP measurement, as inferred from Swift X-
ray Telescope (XRT) observations performed within a few days from the optical observations (see
Methods). The optical pulse profile comprises two peaks with a fractional amplitude that varied
significantly over 20 minutes-long time intervals between a maximum value of A = (0.80+0.07)%
of the total average emission, and values below the detectability level (A < 0.19%; see Fig. 2).

The maximum observed pulsed flux corresponds to Lyyseq & 0.01 L, ~ 103! erg s™*. The lack



of simultaneous X-ray observations prevented us from searching for possible changes taking place

at the time-scales set by the variability of the X-ray pulse amplitude’?.

The region responsible for the optical pulsations cannot be larger than ¢ P, ~ 500 km, as
light propagation delay would smear them out. Comparison of the projected semi-major axis a sin ¢
and epoch of the pulsar passage at the ascending node 7. derived from the orbital modulation
of the optical pulse period with the ephemeris derived from X-ray pulsations, showed that the
region emitting the optical pulsation must be centered within 67, ~ o, ~ 30/sin(z) km and
drg ~ 2maor,,. /Py =~ 300/ sin(7) km of radial and azimuthal distance from the X-ray pulsar,
respectively (see Table [Tland Methods). These values are comparable to or somewhat larger than
than both the 7., ~ 24 km corotation radius (for a 1.4 M neutron star) of PSR J1023+0038, i.e
the radius where the angular velocity of the pulsar magnetosphere equals the Keplerian velocity,
and the 7. ~ 80 km light cylinder radius where closed magnetic field lines travel at the speed of

light.

Reprocessing of the X-ray pulsations at the surface of the companion star and/or in the outer
disk region, as observed in some X-ray binaries hosting a strongly magnetized and slowly rotating
accreting pulsar2l, is ruled out as the origin of the optical pulsations from PSR J1023+0038; the
reprocessing regions would have a very different light travel time-delay orbital signature than that
of a region dr ~ 30 — 300/ sin(z) km away from the neutron star, and their size would greatly
exceed the maximum beyond which pulsations are washed out (cPs;, ~ 500 km). The above

problems could be circumvented if the X-ray pulsations were reprocessed in the innermost regions



of the disk close to the boundary with the pulsar magnetosphere at r.,.. However, reprocessing
of the X-ray luminosity of PSR J1023+0038 (Lx = 7 x 10% erg s™') by an area of ~ 77?2
located at a distance ., from the pulsar, would convert to a brightness temperature of 7;,.. =
(Lx/4mor? ) ~ 1.1 x 10° K. The optical output would be more than five thousands times smaller

cor

than the observed pulsed flux, ruling out also this interpretation.

If X-ray pulsations observed in the disk state are due to channeled accretion onto the mag-
netic polar regions of the neutron star’*22, one may wonder whether the same polar hotspots could
give rise to the the observed optical pulses. The X-ray spectrum of accreting millisecond pulsars
is modeled with unsaturated Comptonisation of soft 0.5-1 keV photons emitted from the polar
hotspots, by thermal electrons with temperature of tens of keV presumably located in the ac-
cretion column®. Cyclotron emission by the same electrons in the B, ~ 10° G magnetic field
of this pulsar takes place at E.,. ~ 1(B;/10°G) eV energies. Optical pulsed flux might re-
sult from self-absorbed cyclotron emission in the optically-thick regime, with a Rayleigh-Jeans
spectrum at the temperature of the Comptonising electrons extending over a range of cyclotron
harmonics?®. We adopt for PSR J1023+0038 an electron temperature k7}; of 100 keV (photons up
to ~ 80 keV have been detected from it!%) and an accreting polar region of conservatively large
area A ~ WRE(R* /Reor) =~ 100 km? (ref. @, where R, = 10 km is the neutron star radius. The

maximum pulsed luminosity in the visible band is

A KT,
Leye == 3 x 10% ° ! 1
ve =90 X (100km2) (100keV) es )

more than ~ 30 times lower than the observed pulsed luminosity, Lyyseq ~ 10%" erg s™. This does
not favour an interpretation of the optical pulses in terms of cyclotron emission from electrons in
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the accretion columns; a detailed modelling will assess whether a larger optical efficiency can be

achieved.

Finally we explore the rotation-powered regime of pulsars. Synchrotron radiation from sec-
ondary relativistic electrons and positrons in the magnetosphere of pulsars is generally believed to
produce non-thermal pulsed emission from the optical to the X-ray band*®2Z. Pulsed emission in
the visible band has been detected from five rotation-powered pulsars®28. They are all isolated,
high-magnetic field (> 10'? G) pulsars with young to moderate ages of 10> — 10° yr. Their ef-
ficiency in converting spin down power to optical pulsed luminosity spans a broad range from
Nopt ~ 5 X 107° (e.g., the Crab pulsar) to ~ 2 x 1072 (see red circles in Fig.Bland Supplementary
Table ). The efficiency of PSR J1023+0038, 7oy ~ 2 X 107°, is higher; note that two middle-
aged pulsars with a spin down power comparable to that of PSR J1023+0038 (e.g. Geminga) have
Nopt < 1077. A few more pulsar optical counterparts were proposed based on the positional coin-
cidence of an optical source (blue circles in Fig. Bl see Supplementary Table 1); an increasingly
higher efficiency is observed for system with lower and lower spin down power and ages exceeding

106 yr.

Comparison of PSR J1023+0038 — the first optical millisecond pulsar ever detected — with
other rotation-powered millisecond pulsars is necessarily limited. A recent search® did not detect
optical pulses down to a magnitude of g ~ 25 from PSR J0337+1715, a millisecond radio pul-
sar of similar spin down power and distance as PSR J1023+0038, whose average optical pulses

correspond to g ~ 22.5. A candidate optical counterpart of PSR J2124-3358, a close-by 4.4 ms



binary radio pulsar with spin-down power ~ 6 times lower than that of PSR J10234+0038, has been
recently reported®; its optical luminosity of ~ 10%" erg s™' gives 7,,; ~ 10~7. Therefore the
optical efficiency of PSR J1023+0038 appears to be orders of magnitude higher than that of other
millisecond pulsars, and lower only than the efficiency of the proposed optical counterpart*® of the

old (1.7 x 108 yr), isolated 0.8 s pulsar, PSR JO108-1431.

The feature that singles out PSR J1023+0038 among rotation-powered pulsars is the pres-
ence of an accretion disk. If the disk does not prevent rotation-powered pulsar mechanisms from
working, the interaction between pulsar magnetosphere’¥32 and/or its wind®218 with the disk
plasma may evaporate enough material to disperse radio pulsations and make them unobserved.
Moreover, it would form a shock where electrons and positrons could be accelerated to the ener-
gies (1—20 MeV) required to radiate optical synchrotron photons, in the field of B ~ 2x10°-10° G
of the magnetospheric region inward of the light cylinder of PSR J1023+0038. This might be the
reason for the higher 7,,; of PSR J1023+0038. The absence of a dramatic change of the spin-down
rate when the source transitioned from a radio pulsar to a disk-dominated staté2? might provide
additional evidence that a rotation-powered mechanism is working in PSR J1023+0038, despite

the presence of a disk.

Our discovery of optical pulsations from PSR J1023+0038 demonstrates that the magneto-
sphere of old, weakly magnetic and quickly spinning neutron stars can give rise to such signals
when surrounded by an accretion disk. This new observational window provides a promising di-

agnostic to probe the physics of millisecond pulsars in close binary systems, and discover new



millisecond pulsars in low-mass X-ray binaries and in unidentified gamma-ray sources obscured

in the radio band by matter enshrouding the system.

The optical pulsations observed from PSR J1023+0038 are still open to different interpre-
tations. The pulsed optical luminosity rules out disk reprocessing of accretion-powered X-ray
emission and is also hard to reconcile with cyclotron emission from matter accreting onto the
neutron star polar caps. We argued that the observed optical pulsed emission could be due to syn-
chrotron emission by relativistic electrons in the magnetosphere of a rotation-powered pulsar. We
note that the observed optical efficiency of PSR J1023+0038 exceeds by about three decades that
of pulsars of comparable spin-down luminosity. That may be due to the shocked magnetised envi-
ronment that results from the interaction between the rotation-powered pulsar magnetosphere and
the accretion disk, a characteristic of PSR J1023+0038 and likewise other transitional millisecond
pulsars. Future observations will assess whether the process responsible for optical pulsations from

PSR J1023+0038 coexist or alternate with accretion-powered X-ray pulsations.
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Figure 1: Coherent optical pulsations of PSR J1023+0038. a Average Fourier power spectral density of the 320-
900 nm optical photons observed by SiFAP mounted at the TNG, during four almost consecutive observations starting
on March 2, 2016 at 21:40 (UTC), for an exposure of 13.2 ks. The power spectrum was obtained sampling the time
series at a time resolution of 0.1 ms and averaging the density measured in eight intervals, each 1.65 ks-long. The
time of arrival of optical photons were corrected for a known systematic drift of the SiFAP clock (see Methods), and
converted to the barycenter of the Solar System and to the line of nodes of the binary system hosting PSR J1023+0038,
using the parameters listed in Table[Tl The peaks at 592.4 and 1184.4 Hz represent the first and the second harmonic of
the coherent signal detected at the pulsar spin frequency. b Average, background subtracted pulse profile obtained by
folding the optical photons detected during the four TNG observations around P,,; = 1.68798744 ms (see Table 1.
The pulse profile is sampled by 32 phase bins, error bars show uncertainties at 1-o confidence level, and two cycles
are plotted for clarity. The dashed solid line is a Fourier delcgmposition with two harmonic components with fractional
amplitudes A; = (0.18 +0.02)% and Ay = (0.34 & 0.02)% (giving a total amplitude A = (A3 4+ A3)'/? = (0.38 +
0.03)%) with respect to the net optical flux of PSR J1023+0038 averaged over an orbital cycle, K = 8185 + 76 s 1.

The variance of the profile with respect to a constant is x> = 438 for 31 degrees of freedom. The probability of
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Figure 2: Variability of the coherent optical pulsed amplitude of PSR J1023+0038. Background subtracted fractional

amplitudes of the first (A; panel a) and second (As; panel b ) harmonic of pulse profiles obtained folding the SiFAP

time series around F,,; = 1.68798744 ms over 1.1 ks-long intervals, sampling the period in n = 16 phase bins. The

pulse profiles were modelled with the function, R(t) = K{1 + A1 sin[27/Pop(t — ¢1)] + Assinf[dn/Pop(t — ¢2)},

with K = 818547651, equal to the average net optical flux of PSR J1023+0038, measured by modeling the counting

rates observed during the four observations (spanning 4.85 hr) with a sine function at the orbital period of the binary

system, 4.75 hr (see Table[dl). Error bars show uncertainties at 1-o confidence level, upper limits were evaluated at the

3-0 confidence level.
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Figure 3:  Optical efficiency of rotation-powered pulsars, 1oyt = Lopt/ FE,q as a function of the pulsar spin down
power, F.q. Red symbols indicate optical pulsars or sources for which an upper limit was set on the pulse amplitude.
Blue symbols mark pulsar optical counterparts proposed on the basis of a detection of an (unpulsed) optical source at
a position compatible with the pulsar, under the assumption that the optical output traces magnetospheric emission.
Circles refer to high-magnetic field (B, > 10~ G), slow (P > 0.1 s) pulsars, squares are used to mark low-magnetic
field (B, < 10° G) millisecond (P < 0.01 s) pulsars. The optical luminosity was evaluated in the B-band, except for a
few cases (see Supplementary Table 1). Error bars show uncertainties at 1-o confidence level. The mean pulsed flux of
PSR J1023+0038 was evaluated as < A >= (0.38 = 0.03) per cent of the average de-reddened B-band magnitude@,

16.77 £ 0.05. Values of the pulsar distance and spin down power were taken from ATNF pulsar catalo.
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Table 1: X-ray2% and optical (this work) ephemerides of PSR J1023+0038.

Parameter X-rays? Optical (this work)
Right Ascension®, a [J2000] 10:23:47.687198

Declination®, § [J2000] +00:38:40.84551

Reference Epoch, 7,.; (MJD) 57449.9028346

Spin Period®), P, (ms) 1.68798744420(13) 1.68798744(6)
Orbital Period, P, (S) 17115.5216592 17116.1 5.5
Projected semi-major axis, asini/c (It-s) 0.343356(3) 0.3434(1)
Epoch of ascending node passage®©, T,,. (MJD)  57449.7258(3) 57449.72579(9)

(@) Astrometric position determined from radio interferometry@.

() Extrapolation to the reference epoch T;..; of the period of the X-ray pulsep—_‘II estimated at 7'y = 56458 MJD,
Py = 1.68798744494252(13) s, taking into account the spin period derivative, P = (8.665+/—0.026) x 102!,

(© Extrapolation to the reference epoch T;..; of the epoch of passage at the ascending node determined from
the formal orbital solution that models the epochs of passage at the ascending node determined from X-ray

pulsations?%, 7, = 54905.96943473 MJD, P,,;, = 17115.5502801'S, Py, = (—1.65 + 0.19) x 1010,
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Methods

The optical data set. We observed PSR J1023+0038 with the Silicon Fast Astronomical Photome-
1e/24B3 (SiFAP) mounted at the Nasmyth B focus of the 3.58 m Telescopio Nazionale Galiled™®
(TNG), in La Palma Spain, exploiting the focal plane of the Device Optimized for the LOw RES-
olution (DOLORES) instrument®Z. SiFAP is a 2-channel ultra fast optical photometer developed
at the Department of Physics of the University of Rome “La Sapienza”. It comprises two Multi
Pixel Photon Counters (MPPCs) modules manufactured by Hamamatsu Photonics, one aimed at
measuring photon counting rates from the target and the other at monitoring a reference star in the
Field of View (FoV). These MPPCs integrate signals in configurable time windows from 100 ms
down to 1 ms via a standard USB interface. They also provide an analog output which can tag the
Time of Arrival (ToA) of individual photons with a time resolution of 25 ns and a discriminated
output capable of counting photons in time bins of 20 us, through two independent custom elec-
tronic chains. A Global Positioning System (GPS) unit yields a reference time marker via the Pulse

Per Second (PPS) signal with 25 ns resolution at 50% of the rising edge of the pulse itself.

Four observations of PSR J1023+0038 were performed starting on 2016, March 2 at 21:40
(UT), each lasting 3.3 ks (see Supplementary Table 2). A white filter covering the 320-900 nm
band was used in all the observations (see Supplementary Fig. 1). The airmass ranged between
1.13 and 1.74, while seeing conditions varied from 0.8 arcsec up to 3 arcsec. The FoV of the

sensor is ~ 50 arcsec? ensuring that signal loss was negligible. A reference star, UCAC4 454-

048424 (o = 10:23:48.935, 0 = +400:44:52.814, B = 16.309 mag) was also simultaneously
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observed, at a lower time resolution (1 ms). We estimated the sum of the sky background and of
the dark count-rate by observing a region located 25 arcsec away from the target towards the East
direction for 120 s (between the third and the fourth exposure), which yielded an average countrate
of B = 8559 s~1, amounting to roughly ~ 50% of the total photons recorded when pointing at the

direction of PSR J1023+0038. The contribution of the dark count rate alone was ~ 2.5 x 103 s71.

Temporal Analysis. We considered data taken by the SiFAP at the maximum possible time reso-
lution of 25 ns. A systematic effect introduced a significant difference between the actual pho-
ton arrival times and those measured by the SiFAP system quartz clock. In each of the four
observations, the total time elapsed between the two GPS-PPS signals marking the beginning
and the end of each exposure, which we took as a reference, AtG’S = 3300 s, was slightly

obs

longer than the time interval measured by the SiFAP clock, At5F AP = At&PS 4 §t, with 6t ~
6 x 1073 s. We assumed that this difference was due to a constant drift of the time recorded
by the SiFAP clock with respect to the actual time, yielding a cumulative linear effect on the
recorded times of arrival, tg;r4p. We corrected the arrival times by using the following relation,
teorr = tsipap X (AtGES | AtSEFAP) We checked this procedure by applying it to the arrival times
recorded during an observation of the Crab pulsar performed with the 1.52 m Cassini telescope
(http://davide2.bo.astro.it/loiano/152cm-telescope/) of the Bologna As-
tronomical Observatory on 2016, December 2 at 00:56 (UT), with the same equipment®>. Using
the uncorrected arrival times, a spin period of P5/5AP = 33.7296127(23) ms was obtained; by ap-

plying the correction above we recovered a period of P&, = 33.7295827(23) ms, fully compatible

with that extrapolated from the monthly radio ephemeris provided by the Jodrell Bank Observatory
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(http://www.ib.man.ac.uk/pulsar/crab/crab2.txt), P2BY = 33.7295810(11) ms.
This proved the robustness of the SiFAP clock correction. We also determined through laboratory
tests (using a frequency/period counter) the maximum jitter of the system quartz clock period
(P* = 8.000009873(1) x 1079 s) determined by a thermal drift, AP = pck =~ pelk  —
4.8 x 10717 5. The relative uncertainty on the measured period introduced by the thermal drift is

thus 6 x 1077, i.e. about sixty times smaller than the relative accuracy of our determination of the

spin period of PSR J1023+0038 (see Table[I)). The effect of thermal drift could be safely neglected.

We reported the times of arrival of the corrected photons to the Solar System Barycentre,
using the JPL DE431 ephemeris (https://ssd. jpl.nasa.gov/horizons.cgi) and the
source radio astrometric position'®, A search for periodicities at the known spin period of the
pulsar (see Table ) was then conducted via the epoch folding search techniqueé®®2%. No signal was
detected by performing an epoch folding search with n = 16 phase bins on the four time series
not corrected for the pulsar orbital motion, down to an upper limit on the amplitude of A < 10~¢
(3-0 confidence level). On the other hand, correcting the times of arrivals of optical photons
for the Romer delay caused by the pulsar orbital motion with the ephemerides derived from the
X-ray pulsations??, allowed us to detect significantly a coherent signal at the pulsar spin period
over time intervals as short as 1.1 ks. The x? of an epoch folding search over a range of periods
around the known spin period of the pulsar is plotted in Supplementary Fig. 2. The background
subtracted pulse profile was modeled with two Fourier components of fractional amplitude A; and
As, correponding to the fundamental and first overtone of the signal (see the inset of Fig. 1 of

the main body), R(t) = K{1 + A;sin[27/Pyyin(t — ¢1)] + Assin|dn/ Pyin(t — ¢2) }. The mean
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optical flux of PSR J1023+0038 over an orbital cycle, K = 8185 & 76 s~!, was determined by
modelling with a sine function at the orbital period of the binary system the count-rate observed
during the four observations, and binned in time intervals of 50 s. The fractional amplitudes of
these two components varied over the 1.1 ks intervals considered, from A7"** = (0.35 £ 0.07)%
and A7 = (0.72 £ 0.07)%, to the non-detection (see Fig.[2). The total pulse amplitude was
evaluated as A = (A2 + A2)'/2, and varied around an average value of < A >= 0.38%, with a
maximum of A" = (0.80 %+ 0.07)%. The most stringent upper limit on the total pulse amplitude

of A < 0.19% was obtained by folding the first 2.2 ks of the fourth observation.

In order to determine the orbital parameters of the source of the optical photons, we modeled
the temporal evolution of the phase of the first harmonic component in terms of the difference
between the orbital and spin parameters used to correct the photon arrival times, and the actual
ones®, The procedure was iterated until no significant corrections to the parameters were found,
to within the uncertainties*. The spin and orbital parameters we obtained are compatible with
those expected from the extrapolation of the ephemeris measured from the X-ray pulsations to the
epoch of optical observations (see Tab. [I)). The uncertainties on the projected semi-major axis and
on the epoch of passage of the source of optical pulses at the ascending node of its orbit allowed
us to identify the source of optical photons from within ér ~ (30-300)/ sin(i) km from the pulsar.
The decrease of the signal power as soon as the values of these two parameters are varied from
their best-fitting values are shown in Supplementary Fig. 3 and Fig. 4, respectively. This proved

that optical pulses came from the same location of the source of X-ray pulsations.
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X-ray observations. The field around PSR J1023+0038 was observed twice by Swiff2 (see Sup-
plementary Table 2) within a few days from the TNG observations presented here. Before (seq. 112)
and after (seq. 113) the TNG observations, the source was detected by the X-ray Telescope®® (XRT)
with an unabsorbed 0.3-10 keV X-ray flux of 0.9570 22 x 107" and 1.470% x 10" erg cm™2 571,
respectively; the X-ray spectrum was described by a power law with photon index o« = 1.7t8;3 and
a = 1.6J_r8:Z. The UltraViolet and Optical Telescope™ (UVOT) on-board Swift observed the field
with the UV filter M2 (centered at A = 224.6 nm). A counterpart of PSR J1023+0038 was detected
at Vega magnitudes of 16.32(7) and 16.37(8), respectively. Both the observed X-ray and UV fluxes
are typical of the accretion disk state of PSR J1023+0038™, allowing us to safely conclude that
the source was in such a state during the TNG observations performed less than a day before the

second Swift observation considered here (id. 113).

Data availability. The barycentered SiFAP data that support the findings of this study are available

in the repository |f i gshare|with the identifier doi:10.6084/m9.figshare.5341192.
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Supplementary Figure 4: Response of the white filter used for all the observations as a function of the wavelength.

The distribution reaches a peak value of ~ 40% at a wavelength of 450 nm.
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Supplementary Figure 5: Chi-squared versus spin period the epoch folding search performed over the four TNG
observation, centered at the best optical period, P,,; = 1.68798744 ms (see Tab. 1 of the main manuscript), and

obtained using n = 16 phase bins and a period resolution of 5 x 1012 s,
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Supplementary Figure 6: Chi-squared of the signal obtained from an epoch folding search around P,,; of the
four TNG observations corrected with values of the projected semi-major axis differing by Afasin(i)/c] from the

best-fitting value (see Tab. 1 of the main manuscript).
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Supplementary Figure 7: Chi-squared of the signal obtained from an epoch folding search around P, of the four
TNG observations corrected with values of the projected semi-major axis differing by A[T,s.] from the best-fitting

value (see Tab. 1 of the main manuscript).
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Supplementary Table 2: Optical luminosity of rotation-powered pulsars.

Pulsar name Pypin 1 logr el dlad JogElel B log Lopt
PSR S yr kpc ergs~! mag ergs—!
Optical Pulsars
B0531+21 (Crab) 0.033 3.1 20 3865 15.27(1)48 33.23(5)
B0540-69 0.051 32 497 3869  22.0(2)46 33.47(15)
B0833-45 (Vela) 0.089 41 028 3683 23.7(3)47 28.3(3)
B0656+14 0.385 50 029 3458  25.15(13)48 277705
B0633+17 (Geminga) 0.237 553 025 3450  25.7(3)49 27.3710-18
J1023+0038 1.69x 1073 9.7 137 3463 228703 30.031033
J0337+1715 273x 107 94 13 3453 >245500 <29.15
Non-pulsed optical counterparts of pulsars
J2124-3358 4.9 x 1073 96 041 3383 27.531007BI¢  27.14(3)
B1929+10 0.226 65 031 3359 >26252 27.2610:253
B0950+08 0.253 72 026 3275  27.07(16)53 26.88(8)
J0108-1431 0.807 82 021 3076 27.9(1)%% 26.4(2)
B1133+16 1.188 67 035 3194 28.1(3)%% 26.76(17)
J1741-2054 0.414 56 030 33.98  26.45(10) 27.60(5)
J0205+6449 0.066 3.7 3.2 3743  27.4(1)R8 ¢ 30.06(10)
B1509-58 0.151 3.2 44 3723 25.7(1)B8R7ER - 310(1)
B1055-52 0.197 5.7 0.1 3448  25.4(1)8V 28.2(2)

@ Values taken from ATNF pulsar catalodﬂ.

b magnitudes are de-reddened and refer to the B band (\.fs = 445 nm, AX = 66 nm), unless otherwise indicated by
the superscript;

¢ The equivalent pulsed magnitude of PSR J1023+0038 in the B-band was evaluated as < A >= 3.8 x 1073 times
the deredenned B magnitude of the source averaged over an orbital cycle, 16.77(5) ma. The uncertainty reflects
the standard deviation of o4 = 2.1 x 10~3 of the distribution of the amplitudes observed over 1.1 ks intervals (see

Methods and Fig. 2 of the the main manuscript). 28



Supplementary Table 3: Log of the observations of PSR

J1023+0038.

Telescopio Nazionale Galileo (TNG)

Seq. Start Time (MJD) Exposure (s) Average total countrate (s—1)

1 57449.9028371 3300 15732
2 57449.9504008 3300 15231
3 57449.9942661 3300 18180
4 57450.0668420 3300 16837

Swift XRT (Id. 33012)

112 57446.1256713 330.9 0.27

113 57450.9222106 200.6 0.34
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