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Millisecond spinning, low-magnetic-field neutron stars are
believed to attain their fast rotation in a 0.1-1-Gyr-long phase
during which they accrete matter endowed with angular
momentum from a low-mass companion star'. Despite exten-
sive searches, coherent periodicities originating from accret-
ing neutron star magnetospheres have been detected only at
X-ray energies? and in~10% of the currently known systems?.
Here we report the detection of optical and ultraviolet coher-
ent pulsations at the X-ray period of the transient low-mass
X-ray binary system SAX J1808.4—3658, during an accretion
outburst that occurred in August 2019%. At the time of the
observations, the pulsar was surrounded by an accretion disk,
displayed X-ray pulsations and its luminosity was consistent
with magnetically funnelled accretion onto the neutron star.
Current accretion models fail to account for the luminosity of
both optical and ultraviolet pulsations; these are instead more
likely to be driven by synchro-curvature radiation>¢ in the pul-
sar magnetosphere or just outside of it. This interpretation
would imply that particle acceleration can take place even
when mass accretion is going on, and opens up new perspec-
tives in the study of coherent optical/ultraviolet pulsations
from fast-spinning accreting neutron stars in low-mass X-ray
binary systems.

Low-mass X-ray binary (LMXB) systems hosting a weakly mag-
netic (~10®G) neutron star are believed to be progenitors of milli-
second radio pulsars. The evolutionary link between the two classes
was first demonstrated through the detection of fast coherent X-ray
pulsations generated by accretion onto the neutron star magnetic
poles and the ensuing lighthouse effect in several transient LMXB
systems*’. Definitive proof came with the discovery of a small group
of transitional millisecond binary pulsars that alternate between
rotation-powered and accretion-powered states®’. Fast coherent

20,21

pulsations and their frequency evolution in accreting neutron star
systems are a tool of fundamental importance to determine binary
parameters and accretion torques, investigate the properties of
disk-magnetosphere interaction and magnetically funnelled accre-
tion, and derive constraints on the equation of state of ultradense
matter'’. Through the detection and precise determination of the
spin and orbital ephemeris of LMXB systems, especially the most
luminous and closest ones, it is also possible to carry out tuned,
increased sensitivity searches for gravitational waves at (twice) the
neutron star rotational frequency. Fast accretion-powered coher-
ent pulsations have proven elusive: in more than three decades
they were detected at X-ray energies in 22 (refs. *'"'?) out of ~190
LMXB systems harbouring neutron stars", all of which are tran-
sient systems attaining peak luminosities of up to several per cent
the Eddington limit. So far, optical pulsations have been detected
only from the transitional millisecond pulsar PSRJ102340038
(ref. '), during an X-ray sub-luminous disk state’. Both the X-ray
and optical pulsations of this system, which happen almost exactly
at unison, are believed to originate from synchrotron radiation in
the intrabinary shock just beyond the light cylinder radius, where
the wind of relativistic particles ejected by the pulsar meets the
accretion disk'>~"".

The transient LMXB system SAX]J1808.4—3658 is the
first-discovered accreting millisecond X-ray pulsar’. The pulsar
spins with a period of 2.49ms and orbits an~0.04 M, compan-
ion star'® with a 2h orbital period’; it is located at a distance' of
about 3.5kpc. Since its discovery in 1996, the source underwent
nine ~1-month-long outbursts during which the X-ray source lumi-
nosity” reached typically a few 10*ergs™’, starting from a quies-
cence level®! of ~5x10* ergs™'. The higher mass inflow rate giving
rise to the X-ray outbursts also causes an increase in the source
ultraviolet (UV) and optical brightness by ~4 and ~3.5 magnitudes,
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Fig. 1| XTI/NICER X-ray light curve (0.5-10 keV) of the August 2019 outburst of SAX J1808.4—3658. The red and the blue dashed lines indicate the
epoch of our optical (7 August 2019) and UV (28 August 2019) fast-photometry observations. Intervals including type | X-ray bursts have been removed

from the plot. The epoch of their occurrence is indicated by arrows.

as a result of enhanced irradiation of the companion star and outer
disk regions” by the X-rays from the inner disk region and the
neutron star’*>,

In the summer of 2019, SAX]J1808.4—3658 underwent another
outburst’, attaining a peak 0.5-10keV luminosity of ~10*ergs™
on 12 August, after an~5 day rise. A decay followed and, starting
from 24 August, ~4—5-day-long luminosity oscillations took place
between ~10* erg s™' and ~10* ergs™". Repeated observations with
the X-ray Timing Instrument (XTI) on board the Neutron Star
Interior Composition Explorer (NICER) closely monitored the evo-
lution of the outburst and X-ray pulsations (Fig. 1), yielding refined
measurements of the neutron star spin period and orbital param-
eters (see Methods and ref. *). On 7 August, during the rising phase
of the outburst when the X-ray luminosity was~6Xx10*ergs™, we
observed the source for~1 h with the Silicon Fast Astronomical
Photometer (SiFAP2)", operating in the 320-900nm band and
mounted at the Telescopio Nazionale Galileo (TNG) in La Palma.
An ~2 ks observation was carried out on 28 August with the Space
Telescope Imaging Spectrograph (STIS), operating in the 165—310
nm UV band, on board the Hubble Space Telescope (HST), when
the X-ray luminosity was~3.4x10*ergs™ in the final oscillating
stages of the outburst (Fig. 1).

The Fourier power density spectra of the high-timing-resolution
optical and UV light curves are shown in Fig. 2. In both cases, a nar-
row peak is present at the ~401 Hz spin frequency of the neutron star,
with a probability of random occurrence in a single frequency bin of
5.1x107%and 2.3 107¢ in the optical and UV data, respectively. The
optical and UV pulsed light curves folded at the X-ray spin period
reported in Table 1 and displaying a single-peaked quasi-sinusoidal
profile are shown as insets in Fig. 2. The background-subtracted
root mean square (r.m.s.) amplitude of the optical pulsations was
(0.55+0.06)%, corresponding to L eqopy™2-7X10* ergs™ (the
total 325-690 nm optical luminosity was L,,~5X10%ergs™). In
the XTI/NICER observations that covered the epoch of the SiFAP2/
TNG observation, the X-ray pulsations had an ~9 times larger r.m.s.
amplitude (4.8 +0.3%), and a factor ~100 higher luminosity, L,
~2.3%10%ergs™, than the optical pulsations (see Methods for
details). Interestingly, the optical pulsation profile was shifted in
phase by A¢=0.55+0.02 (or Ar=1.38+0.06 ms in time) with
respect to that in the X-rays, that is, virtually in anti-phase. We note
that PSRJ102340038 does not show such a feature as its optical and
X-ray pulse profiles are almost in phase (time lag of ~200 ps)".

The UV coherent pulsations detected during the STIS/HST
observation were (relatively) stronger than the optical pulsa-
tions from 3 weeks earlier: their (2.6+0.7)% r.m.s. amplitude
led to a pulsed 165-310 nm luminosity of L.quv)=0.026Lyy =~
2% 10%ergs™. Correspondingly, the X-ray pulsations detected
during the NICER observation carried out a few hours later had a
(5.7+0.9)% r.m.s. amplitude, and involved a factor of ~10 higher
pulsed X-ray luminosity of L ..qx ~ 1.9 X 10¥ ergs™". Owing to the
large uncertainties on the absolute timing of the HST data (~1s,
HST helpdesk private communication), the relative phasing of the
UV and X-ray profiles could not be determined.

The presence of type I X-ray bursting activity as well as X-ray
luminosities exceeding the spin-down power measured in quies-
cence* (1.6 X 10* ergs™") by up to two orders of magnitude testify that
the outbursts of SAX]J1808.4—3658 are powered by mass accretion.
Also at the time of the SiIFAP2/TNG and STIS/HST observations, the
X-ray luminosity was higher than the spin-down power by a factor
of ~2and 4 (though the pulsed X-ray luminosity was lower). Moreover
the source X-ray spectral and timing properties evolved moderately
and continuously across the luminosity swing of the outburst (as
well as that of previous outbursts) down to~10*ergs™ without dis-
playing any evidence for transitions to a non-accreting regime*. The
X-ray pulsations were likely generated by funnelled accretion onto
the magnetic pole. Here we report the SAX J1808.4—3658 optical/UV
pulsations, detected nearly simultaneously with the X-ray pulsations,
during the accretion phase of a millisecond spinning neutron star. In
the following we discuss their possible origin.

Thermal emission from warm concentric rings surrounding the
polar caps can be ruled out because, even considering a large emit-
ting area (~100km?), the temperature should attain unrealistically
high values (>1MeV) to generate the observed optical and UV
fluxes. For the coherent signals not to be smeared out by light travel
time delays, projection of their emission region along the line of sight
should be smaller than cPy;,/2 ~300—400km, where c is the speed
of light in vacuum and P, ;, is the pulsar spin period. If the UV/opti-
cal pulsations arose from optically thick emission or reprocessing,
the ~2.7x10* ergs™ optical pulsed luminosity would imply a tem-
perature of ~2(I / 300km)~?keV, where [ is the size of the emitting
region, and a bolometric luminosity of ~10*'(/ / 300km)*ergs™,
making this model untenable. Moreover, the maximum size of
this region limits the amount of energy that can be re-emitted for
reprocessing of X-ray pulsations in the outer region of the disk
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Fig. 2 | Detection and shape of coherent optical and UV signals from SAX J1808.4—3658. Upper panel: Fourier power density spectrum of the optical
(320-900 nm) light curve from the 3.3 ks observation carried out with the SiFAP2 photometer mounted at the TNG, starting on 7 August 2019 at 22:31
(coordinated universal time, utc). Only a zoomed region around the expected spin frequency of SAX J1808.4—3658 is shown. Once corrected for the
systematic drift of the SiFAP2 system clock (see Methods), photon arrival times were converted to the Solar System barycentre and then corrected

for the pulsar orbital motion using the X-ray ephemeris reported in Table 1. The light curve was binned at 100 ps, corresponding to a Nyquist frequency
of 5kHz. Lower panel: Fourier power density spectrum over the same frequency range from the UV (165-310 nm) light curve collected with STIS on
board HST during a 2.2 ks observation starting on 28 August 2019 at 21:47 utc. UV photon arrival times were first processed with the ODELAYTIME
task (see Methods) to shift them to the Solar System barycentre, and then corrected for the pulsar orbital motion using the same X-ray ephemeris
reported in Table 1. The light curve was rebinned to 500 ps, yielding a Nyquist frequency of TkHz. The dotted red vertical line marks the spin frequency
of SAXJ1808.4—3658 from the X-ray ephemeris, whose uncertainty on the spin frequency is small enough that only a single trial frequency has to be
examined. The highest peaks in both panels coincide with this frequency, to within their Fourier resolution (see Methods). The green horizontal lines
mark the power level corresponding to a probability of 6.3 x107° (46) of being exceeded by white noise in a single frequency bin. The insets show the
background-subtracted, normalized pulse profiles obtained by folding the optical and UV light curves at the X-ray period (Table 1); two cycles are plotted
for clarity. Phases refer to the reference epoch of the SiFAP2 and STIS observations, respectively; errors bars are 1o.

(R~ (2—3) X 10" cm) to ~10% erg s~ in the 320—900 nm band, even
in the most favourable case of an inclination of 90°. The problem
with this interpretation would be exacerbated if reprocessing or
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energy release in optically thick matter occurred in regions of size
comparable to the characteristic scales of SAX J1808.4—3658, namely
the neutron star radius (Rys~ 10km), the inner disk boundary close
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Table 1| X-ray, UV and optical ephemeris of SAX J1808.4—3658 during the August 2019 outburst

Parameter X-ray uv Optical

Right ascension? («, J2000) 18h08m27.62s - -

Declination? (8, J2000) —36° 58" 43.3” = =

Validity range (MJD) 58702-58726

Reference epoch T (MJD) 58715.0 - -

Time system TDB TDB TDB

Planetary ephemeris DE405 DE200 DE405

Spin frequency (u(T,.)) (Hz) 400.975209660(9) = =

Spin frequency (1(Tyye))® (Hz) 400.975210179(63) - 400.975225(72)¢
Spin frequency (U(Tysp))¢ (Hz) 400.975209618(36) 400.97517(10)¢ =

—(2.43+0.21) x107"
(4.9+11) %107

Spin frequency first derivative () (Hz s™)

Spin frequency second derivative () (Hz s72)

Orbital period (P,) (s) 72491572(14)

Time of ascending node (T*) (MJD) 58715.0220987(32)
Projected semi-major axis (light seconds) 0.0628099(35)
x¥/d.of. 550/378

TNG

HST

2Values taken from ref. *°. ®Observation carried out on 7 August 2019 (TStart =58702.9382176 MJD(utc)) with SiFAP2/TNG. “Observation carried out on 28 August 2019 (TStart =58723.9080081
MJD(utc)) with STIS/HST. ¢Obtained with the epoch folding search technique. d.o.f., degrees of freedom; MJD, modified Julian date; TDB, barycentric dynamical time.

/47:2)1/3 ~ 32 km, where
G is the gravitational constant and M is the neutron star mass) or
the light cylinder radius (r,=cP,,,/2n~120km); in fact, all these
regions are smaller than ~300 km.

Hot electrons in the post-shock region of the accretion col-
umn will emit cyclotron photons at a fundamental energy of
Eeye = 4(r/ Rns) eV, where r is the parametric radial distance, for
a surface magnetic field of SAXJ1808.4—3658 of B~ 3.5 X 10°G (ref.
). If the optically thick regime extended up to the nth cyclotron
harmonic, a Rayleigh-Jeans spectrum would result up to the corre-
sponding energy”. For SAX]1808.4—3658 the maximum expected
luminosity would be L~ 10*ergs™ in the 320-900 nm band,
and L. uv)® 6 X 10” ergs™ in the 165-310 nm band (see Methods),
that is, more than two orders of magnitude lower than the mea-
sured values. Therefore, it can also be excluded that self-absorbed
cyclotron emission in the accretion column is responsible for the
optical/UV pulsed flux of SAXJ1808.4—3658, unless emission in
these bands is strongly beamed, which is deemed unlikely given the
high pulse duty cycle. Also, pencil beaming due to the reduction of
the cyclotron opacity for photons propagating along the field lines*
is expected at energies much lower than E, that is, below the opti-
cal band within which we observed. These limitations would no
longer hold if the optical/UV pulsed emission were produced by
a coherent emission process”, whose specific intensity can vastly
exceed that of thermal emission. However, we note that coherent
emission from rotation-powered pulsars is characterized by a steep
power-law-like radio spectrum and is not expected to operate at
much higher frequencies.

Similar to the case of isolated rotation-powered pulsars®,
synchro-curvature radiation™ by relativistic electrons and posi-
trons accelerated by the rotating neutron star magnetosphere might
give rise to the optical and UV pulsations of SAX]1808.4—3658. In
this interpretation, the efficiency with which SAXJ1808.4—3658
converts the spin-down power into pulsed UV and optical lumi-
nosity would be 7y~ 1x107 and #,,~6X 107, respectively, the
former being about 100 times larger than that of the Crab pulsar
in the UV (165-310nm) and B bands® (see Methods). Such a high
efficiency is much larger than that usually observed for isolated
rotation-powered pulsars, and points towards the existence of a
synergistic physical process.

(GMysP?

to the corotation radius (r. = spin

Models based on magnetohydrodynamic simulations® pre-
dict that the neutron star magnetic field lines coupled to the disk
within the corotation radius are rapidly twisted, pushed outwards
and forced to open’, a phenomenon possible only in accreting mil-
lisecond X-ray pulsars with high magnetic diffusivity disks. In this
picture, the rotation-powered mechanism would not be inhibited by
the presence of the accretion disk; rather its power would increase
(as compared with diskless pulsars) owing to the opening of addi-
tional magnetic field lines and the corresponding flux enhancement
across the light cylinder surface. This leads to an increase of the
spin-down torque applied to the neutron star and a stronger elec-
tromagnetic pulsar wind®. A net spin-down rate of the order of
~—1Xx10"Hzs™"' would be expected in the case of SAX]J1808.4-
3658. We note that a comparably large spin-down torque and rate
may arise from magnetic field lines threading the disk beyond the
corotation radius™. If the high optical and UV pulsed luminosities
of SAXJ1808.4—3658 result from an enhanced rotation-powered
mechanism, this must coexist (or alternate on a timescale shorter
than those required to detect pulsations with current instrumen-
tation) with the accretion-powered mechanism that produces the
X-ray pulsations. Alternatively, the power of the so-called striped
wind* may also be enhanced by the same disk-magnetosphere
interaction. In this model, part of the pulsar spin-down power
is carried away in the form of low-frequency waves consisting of
stripes of toroidal magnetic field; these structures propagate along
the equatorial plane of the pulsar and are converted into a wind
of relativistic magnetized plasma beyond the light cylinder radius
through magnetic reconnection. In this framework, the opti-
cal and UV pulsations from SAXJ1808.4—3658 would arise from
beamed synchrotron radiation by heated charged particles mov-
ing close to the light cylinder radius*. Here, synchrotron radia-
tion is optically thin to emission in the UV and optical bands, as
synchrotron self-absorption occurs below” E.,.~0.04eV. Optical/
UV pulsed emission from synchrotron radiation is still expected at
distances <600 km from the neutron star, considering that the syn-
chrotron cooling timescale is shorter than P,;,/2. The efficiency of
this process could be enhanced at the termination shock between
the pulsar wind and the accretion disk'>~".

An intriguing feature is the half-cycle shift between the optical
and the X-ray pulsations from SAX]1808.4—3658. It is tempting to
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consider the possibility that matter accretion takes place only on
one pole of the neutron star, thus giving rise to the pulsed X-ray
signal, whereas accretion is inhibited on the opposite side and a
rotation-powered mechanism gives rise to the optical/UV pulsation
in anti-phase. A dipole magnetic field whose centre is shifted from
the centre of the neutron star might make this possible.

The discovery of optical and UV pulsations during the accretion
outburst of a millisecond X-ray pulsar shows that particle accelera-
tion mechanisms can occur even in regimes where the magneto-
sphere is engulfed with accreting plasma for at least a substantial
fraction of the time. Moreover, it opens a novel observational win-
dow in the study of accreting neutron stars in LMXB systems, as
the higher sensitivity afforded by optical and UV fast photomet-
ric observations may allow the discovery of coherent pulsations
in sources and regimes for which X-ray pulsations have remained
undetected.

Methods

TNG optical observation. The optical dataset of SAXJ1808.4—3658 was
collected with SiFAP2** (TNG Director Discretionary Time, principal
investigator A. Papitto) mounted at the Nasmyth A focus of the INAF 3.58 m
Telescopio Nazionale Galileo (TNG), located on the Roque de los Muchachos
Observatory in La Palma (Canary Islands, Spain). SiFAP2, the upgraded version
of SiFAP**, is a two-channel ultra-fast photometer operating in the optical
band (320-900 nm) capable of tagging the time of arrival of individual photons
with a time resolution of 8 ns. The absolute timing is provided by a commercial
global positioning system (GPS) unit via the pulse-per-second signal with a
nominal 25 ns accuracy on the coordinated universal time (uTc) worsened to
less than 60 ps because of the SiFAP2 electronics transfer function. This value
was obtained from observations performed on the Crab pulsar for calibration
purposes'’. We carried out a single 3.3 ks observation of SAX]J1808.4—3658
starting on 7 August 2019 at 22:31 (utc), during the earliest stage of the
outburst. The optical light curve of the source collected with SiFAP2 is shown
in Supplementary Fig. 1. No filter was used during our run. The telescope
elevation above the horizon was ~24° corresponding to an airmass of ~2.5,
while seeing conditions varied within the range from 0.5 up to 0.9 arcsec

(at the zenith). The Moon was at an angular distance of 47° from the target,
increasing the background contribution by ~70%. During the acquisition,

we also measured the sky background signal (taking into account also a

dark count rate of 1.8 X 10°s™" for the sensors) by moving the telescope
10arcsec away from the target towards the east direction twice during the
observation, for about 30's each time. We obtained an average count rate of
BKGyg = (34,953 +86) s/, representing a contribution of more than

90% of the total count rate, Ry = (38,560.6 +6.5) s7*, collected by pointing
the telescope in the direction of SAXJ1808.4—3658. A reference star,

TYC 7403—655 — 1 (right ascension (RA) = 18:07:56.38, declination

(dec) = —36:55:07.35, V = 12.19 mag) located 432 arcsec away from
SAX]1808.4—3658 was also simultaneously observed to monitor the
atmospheric variations as well as to verify the absence of spurious periodic
signals due to instrumental noise at the pulsar spin frequency. As occurred
also in previous observing runs, the SiFAP2 clock drifted by At=5.2 ms with
respect to the time measured by two GPS pulse-per-second signals used to
mark the beginning and the end of the observation. We corrected the arrival
times assuming that the drift evolved following a linear function of time. This
procedure already proved to be efficient in recovering the pulse frequency

of both the Crab pulsar and the millisecond pulsar PSR J1023+0038'*".
Laboratory tests showed that the thermal jitter of the SiFAP2 system clock could
be safely neglected because its relative uncertainty for millisecond spin periods
is several tens of times smaller than our measurements'*. The photon arrival
times obtained in this way were then referred to the Solar System barycentre
(TDB time system) using the position of the optical counterpart provided

by ref. ** and the geocentric location of the TNG (X = 5,327,447.4810 m,

Y =-1,719,594.9272 m, Z = 3,051,174.6663 m), along with the JPL DE405
ephemeris.

UV observation. We observed SAXJ1808.4—3658 with the STIS (GO/DD-15987,
principal investigator M. Zanon) on board the HST starting on 28 August 2019
at 21:47 (utc) during the latest stage of the outburst. The UV light curve of the
source acquired with STIS is shown in Supplementary Fig. 1. The spectroscopic
observation was performed in TIME-TAG mode with 125 ps time resolution

for about 2.2ks by means of the near ultraviolet multi-anode micro-channel
array (NUV-MAMA) detector. We used the G230L grating equipped with
a52x%0.2arcsec slit ensuring a spectral resolution of ~500 over the nominal
range (first order). The total count rate collected by the instrument was Ry =
(2,016.74+0.95) s, with a background contribution of about 30%, BKGy;s; =
(653.36+0.54) s™". The background signal was estimated by selecting photons in
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the STIS slit channels outside the source region (see “Timing analysis’ section) and
averaging them. The resulting value was then normalized to the total number of
slit channels.

X-ray observations. The XTI* on board NICER* observed the SAX]1808.4—3658
outburst* from 30 July until 16 September 2019 for a total exposure time of

387.7 ks. The events across the 0.2-12keV band were processed and screened using
HEASOFT version 6.28 and NICERDAS version 7a. We applied standard cleaning
and filtering criteria, selecting only the time intervals during which the pointing
offset from the nominal source position was smaller than 0.015°, the source was

at least 30° away from the Earth limb (at least 40° in the case of a Sun-illuminated
Earth) and the International Space Station was outside the South Atlantic Anomaly.
The photon arrival times were corrected for the motion in the Solar System
barycentre (TDB time system) using the position of the optical counterpart® and
the JPL DE405 ephemeris. The X-ray light curve of the source outburst from 7
August to 31 August 2019 is shown in Fig. 1. We removed type I X-ray bursts that
occurred in the time intervals 58704.81059-58704.81186 MJD, 58716.08876—
58716.09104 MJD and 58722.41759-58722.41921 MJD.

Timing analysis. We measured the X-ray pulsar spin and orbital parameters by
analysing the observations performed by NICER between 7 and 31 August (that

is, MJD 58702-58726). We corrected the arrival times using the orbital parameters
previously measured*. We folded 1-ks-long segments of NICER data in 16 phase
bins around a preliminary estimate of the pulse period®. We fitted the pulse profiles
with a single sinusoidal component, modelled the evolution of the pulse phases
with a function composed of a third-order polynomial and terms resulting from
corrections to the orbital parameters (see, for example, ref. %), and obtained the
timing solution listed in Table 1. This solution is characterized by a y* of 550 for
378 degrees of freedom, indicating a formally unacceptable fit. However, even
adopting higher-order polynomials, the fit quality did not improve significantly. No
trend is apparent in the residuals shown in the bottom panel of Supplementary Fig.
2, and we attribute the high fit reduced y* to the phase timing noise that is known
to affect the phases observed from this and other accreting millisecond X-ray
pulsars'?. The X-ray timing solution derived here is only aimed at performing

a search for optical/UV pulses, and modelling such a timing noise component

is beyond the scope of this paper. However, we note that Bult et al.” derived a
timing solution measuring the pulse phases in each continuous good time interval
(generally longer than 1 ks) and considering either a second-order polynomial or a
flux-adjusted phase model in an attempt to model the timing noise, and obtained
similar values of the fit y* than that reported here. The different models used by
those authors explain the slight differences between their ephemeris and the ones
we obtained. In any case, we checked that our results do not change when using
their ephemeris.

Since the TNG observation lasted 3.3 ks, the spacing of Fourier independent
frequencies was Sy = 3.0 X 10~*Hz. This is ~5,000 times coarser than the
uncertainties on the X-ray spin frequency evaluated at the epoch of the TNG
observation (o,(T1yg) =6.3 X 10" Hz, see Table 1). After both the barycentric
correction and the demodulation for the pulsar orbital motion had been applied,
only a single trial frequency had to be searched in the TNG dataset to investigate
the presence of a coherent signal at the same frequency as determined from the
analysis of the X-ray data. We calculated the Fourier power density spectrum
of the TNG light curve and measured a Leahy normalized* power of 33.6 at
a frequency of 400.97522(15) Hz. The single-trial probability associated with
random white noise fluctuations is p=>5.1 X 10, We note that no significant
peak at the expected pulsar spin frequency was found in either the power density
spectrum of the light curve in which orbital demodulation was not applied or
in the reference star light curve. A precise knowledge of the spin and orbital
ephemeris were thus essential for detecting the optical (and UV) coherent
modulation at the spin period. To refine the measurement of the frequency of
the optical pulse, we performed an epoch folding search'’ adopting 10 phase bins
and a period stepsize of 6Prpygpps=9.4 X 107" s measuring a y* value of S, =38.6
with a corresponding best-fitting period of Py gps=0.00249391967(45) s. The
1o uncertainty reported in parentheses was computed* by using the equation
6p = P?/(2Texp) (Smax/(n — 1) — 1)7"%, where T.,, is the total exposure time of
the TNG optical observation. In addition, we also performed the bin-free Z2 test*®
assuming a purely sinuosidal profile shape (1=1), obtaining a value of Z? = 34.3
associated with a best-fitting folding period of Pryg 7 = 0.00249391976(62) s.
This value is compatible with that estimated from the X-ray data within the
uncertainties. We report the computed »* distribution with the best-fitting
Gaussian model in Supplementary Fig. 3. We then folded the TNG optical light
curve using the X-ray pulse parameters, and modelled the pulse profile obtained
in this way (inset of Fig. 2) using a single sinusoidal component with a rm.s.
amplitude of (0.051 +0.005)%. Taking into account the background (see above),
we then estimated the source r.m.s. amplitude as A%%S = (0.55 +0.06)%. Folding
at the same spin frequency the SiIFAP2/TNG light curve and the XTI/NICER
light curve extracted over the time interval between 7 August at 19:18:49 and 8
August at 00:34:55 uTc (a subset of observation ids. 2050260109 and 2050260110)
highlighted a phase difference of A¢p=(0.55+0.02), corresponding to a time lag of
7=(1.38+0.06) ms (Supplementary Fig. 4)", estimated a SiFAP2 absolute timing


http://www.nature.com/natureastronomy

LETTERS

accuracy of <60 ps, whereas the corresponding NICER values is <0.3 ps, both much
lower than the uncertainty affecting the lag measured. To estimate the effect of

any residual relative timing uncertainty caused by, for example, the uncertainty

on the time dependence of the SiIFAP2 clock drift, we assumed that the frequency
of the optical and X-ray signals were exactly equal, and estimated the phase
uncertainty driven by a frequency drift of an amount equal to the measurement
error (6,=5x 107" Hz; see Table 1), obtaining a maximum lag of 0.4 ms. Future
observations ensuring a full-orbit coverage will confirm the significance and
magnitude of the pulse lag.

Hints for slight variations of the optical pulse amplitude were found, although
their significance is low. The observed (that is, not subtracted for the background)
r.m.s. amplitude varied between (0.07 +0.01)% and (0.04 +0.01)% over 0.8-ks-long
intervals. The TNG optical observation covered about one half the orbital period,
from phase 0.04 to 0.49, that is, from shortly after ascending node (phase 0) to
close to descending node (phase 0.5). The coherent signal was detected at all
phases, although the maximum r.m.s. amplitude was detected when the pulsar
was close to the ascending node. Given the intrinsic weakness of the signal, the
TNG optical observation was too short to allow us to derive the orbital parameters
of the optical pulse from a pulse timing analysis of that dataset. To confirm the
association of the optical coherent signal with the pulsar in SAX]1808.4—3658,
we then determined the variation of the signal strength by varying the orbital
parameters adopted in the correction of the photon arrival times with respect
to the values measured from the analysis of the X-ray pulsations. We re-ran the
epoch folding periodicity search of the light curves by allowing the epoch of
the ascending node (T*), and the projected semi-major axis (x =a sin i/ c) to
vary over a grid of values spaced by 6T*=2.5s and 6x=1x 107 light seconds.
The folding period was allowed to vary. The distributions of y* values associated
with the best folding period computed by varying independently T* and x are
reported in Supplementary Fig. 5 and in Supplementary Fig. 6, respectively. We
performed a Gaussian fitting on both the y* distributions obtaining the position of
the two centroids at AT*=—(4.4+2.3)s, and A(a sin(i) / ¢) =—(0.32 +0.33) light
milliseconds. However, we caution that a coverage of an entire orbital cycle seems
warranted to draw firm conclusions on the significance of a possible offset between
the two pulse profiles.

We then analysed the UV events obtained from the observation performed
with STIS. We corrected the position of slit channels thanks to an external
custom function (https://github.com/Alymantara/stis_photons) and selected
events (that is, time of arrivals) belonging to channels of the slit within the
991—1,005 (edges excluded) interval to isolate the source signal and minimize
the background contribution. We also selected the 165-310 nm wavelength
interval to avoid noisy contribution due to the poor response of the G230L
grating at the edge wavelengths. The list of good time of arrivals was corrected
to the Solar System barycentre by using the ODELAYTIME task (subroutine
available in the IRAF/STDAS software package) and the JPL DE200 ephemeris.
We applied the same procedure as previously done for SiFAP2 data on the
STIS dataset to search for the UV pulsed emission from SAX]1808.4—3658.

After demodulating the UV photons’ time of arrivals by correcting them for

the Remer delays due to the orbital motion, we computed the Fourier power
density spectrum. We found a Leahy normalized* power of 26.1 at a frequency
of 400.97518(22) Hz, indicating coherent UV pulsations around the expected
pulsar spin frequency with an associated single-trial probability of 2.3 X 107¢. As
in the case of the optical dataset, no significant peak at the expected pulsar spin
frequency was found in the power density spectrum of the non-demodulated
light curve. We then performed an epoch folding search using n=10 phase
bins and a period resolution of 6Py pps=1.4 X 107'°s. We measured a y* value
of S, =39.6, and a best-fitting period of Py pps=0.00249391998(64) s, well

in agreement, within the uncertainties, with the period from the X-ray data.
The 16 uncertainty reported in parentheses was computed as in the optical
dataset. We report the computed y* distribution with the best-fitting Gaussian
model in Supplementary Fig. 3. We performed the bin-free Z2 test withan=1
component, deriving a value of Z? = 29.0 associated with a best-fitting folding
period of Pygr 2 = 0.00249391997(98) s. We then folded the HST UV data at
the best period obtained from the X-ray timing analysis (Table 1), and plotted the
background-subtracted pulse profile in the inset of Fig. 2. We described the shape
of the UV modulation with a single Fourier component with r.m.s. fractional
amplitude A;%® = (2.6 +0.7)%; note, however, that the rise to the peaks of the
modulation was slower than the decay.

Spectral energy distribution. Supplementary Fig. 7 shows the spectral energy
distribution (SED) of the total and pulsed emissions in the optical, UV and X-ray
bands during the 7 August 2019 observations. The optical and UV magnitudes
were corrected for interstellar extinction using the empirical relation®® A, =N,/
(2.87 +£0.12) X 10*! cm~2, where N;=2.1 X 10! cm~? is the hydrogen column
density along the line of sight to SAX]1808.4—3658 (ref. *’). We used the
extinction curves in ref. ** to obtain the reddening A, in different bandpasses™.
The optical monitoring data in the B, V, R, i’ bands (B, V,R in the Vega system
and i’ in the AB system) were taken with the 2m Faulkes Telescope South (at
Siding Spring, Australia) and Las Cumbres Observatory (LCO) 1 m robotic
telescopes in Chile, South Africa and Australia (see refs. ***'). The Faulkes/
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LCO magnitudes were calculated using the X-ray Binary New Early Warning
System (XB-NEWS; see refs. *>** for details) data analysis pipeline. To estimate
the optical flux of SAXJ1808.4—3658 at the epoch of our SiFAP2 observation,

we interpolated the data of the LCO/Faulkes light curve. The SAX]1808.4—3658
outburst was also monitored with the Ultraviolet and Optical Telescope (UVOT)™*
on board the Neil Gehrels Swift Observatory* using different UV filters. The UV
counterpart was detected in ten consecutive observations carried out between 6
August and 14 September. The dereddened magnitude measured in the UVOT.
UVM2 filter on 7 August (central wavelength of 224.6 nm and full-width at
half-maximum of 49.8 nm) was 14.4 +0.1 mag (Vega system). For the X-ray
band, we extracted the background-subtracted spectrum from the same event
file used above to evaluate the phase difference between the X-ray and optical
pulses, employing the nibackgen3C50 background modelling tool available

at https://heasarc.gsfc.nasa.gov/docs/nicer/tools/nicer_bkg_est_tools.html

(total exposure time of ~2.7 ks). We assigned the latest versions of the NICER
redistribution matrix (‘nixtiref20170601v002.rmf’) and ancillary response file
(‘nixtiaveonaxis20170601v004.arf’) to the spectrum, and grouped it so as to
contain at least 200 counts in each energy channel. The spectral analysis was
performed with the Xspec package™ (version 12.11.1) and was limited to the
energy band between 0.5 and 5keV, where the source was above the background.

The SED, from optical and UV wavelengths to X-rays, is well fitted by a
continuum model consisting of the sum of a blackbody, modelled by bbodyrad in
Xspec, and a comptonization component, modelled with nthcomp®. To account for
the effects of photoelectric absorption by neutral matter in the interstellar medium,
we included in the spectral fit the Tuebingen-Boulder model, adopting the
photoionization cross-sections from ref. ** and the chemical abundances from ref. **.
The equivalent hydrogen column density was held fixed at Ny =2.1x10*" cm™
in the spectral fit'*. Results are listed in Supplementary Table 1. In this case,
the best-fitting value of the blackbody temperature is kT, =332 +4 eV, with an
estimated radius of the (spherical) emission region of 3.58 +0.08 km for a distance
to the source of 3.5kpc. For the nthcomp component, we fixed the electron
temperature and photon index to the best-fitting values found for the broadband
X-ray spectrum (kT, fixed at 50keV and the photon index fixed at 1.9 (ref. ),
corresponding to an optical depth of about 2 for the comptonization region). We
obtained a seed-photon temperature of kT, =1.48 +0.03 eV, in the hypothesis of a
blackbody spectrum for the seed photons. We can therefore evaluate the radius of
the emitting (spherical) region of the seed photon spectrum by using the relation
given by ref. ©. We find a radius ~10'—10"' cm, which is compatible with the
inferred size of the accretion disk in this system. This may indicate that the source
of seed photons for the comptonization may come from the outer regions of the
system, which may contribute to most of the optical/UV emission of the source.
This is in agreement with the widely accepted paradigm that most of the optical/
UV emission in (black hole or neutron star) LMXB systems is produced in the
outer regions of the accretion disk as the result of X-ray reprocessing®-.

To obtain a more physical interpretation of the broadband emission of
SAXJ1808.4—3659, we fitted the SED using a model that accounts for the emission
of a truncated accretion disk irradiated by a hot comptonizing accretion flow
(diskir” in the Xspec notation). In this model, the X-ray emission consists of
thermal radiation from the disk and a hard tail produced by comptonization of soft
seed photons in a hot plasma of energetic electrons. A fraction of this radiation
is intercepted by the outer regions of the disk, reprocessed and re-emitted in the
optical and UV bands. This model often describes well the broadband emission of
bright LMXB systems. The column density was again fixed to N;;=2.1x10* cm™>
in the spectral fit. We obtained a statistically acceptable description of the data,
with a reduced y? of y%; = 0.89 for 152 degrees of freedom. Results are listed in
Supplementary Table 2. According to this model, the inner disk has an intrinsic
(that is, not irradiated) temperature of ~200eV and a radius of ~25km (inferred
from the model normalization and assuming an inclination angle of ~50°, as
derived from modelling of the multi-band light curve in quiescence using a
Markov chain Monte Carlo technique'®). Seed photons from the inner disk are
Comptonized by the hot-electron cloud close to the neutron star (or possibly
within the accretion column) to produce the continuum observed in the X-ray
band; the electron temperature of this component was fixed to the value found
from modelling of the X-ray spectrum®, while the photon index was allowed to
vary (best-fitting value of I'=2.76 +0.06). A fraction 7.1713% of this hard flux is
reprocessed in the outer disk, whose radius is about 10 times larger than the inner
disk radius, R~ 10'°cm. This is comparable to the size of the Roche lobe of the
neutron star and thus the size of the disk.

To investigate the origin of the pulsed emission in the optical/UV band, we
also extracted the pulsed SED on 7-8 August 2019. For the X-ray band, we first
evaluated the values for the background-subtracted pulse r.m.s. amplitudes over the
energy ranges 0.5-1, 1-2 and 2-3keV, as well as the 36 upper limits over the ranges
3-5 and 5-10keV. We calculated the de-absorbed X-ray fluxes over these same
energy ranges by extrapolating the best-fitting model for the total emission (pulsed
plus unpulsed), and multiplied them by the corresponding values (or upper limits)
of the pulse r.m.s. amplitude to obtain integrated pulsed fluxes. We then multiplied
the values so evaluated for the ratio between the mid-point energy of the interval
and the width of the energy interval to derive pulsed fluxes (and upper limits) in
VF, units, where v is the frequency and F, is the flux per unit frequency. To convert
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the pulsed optical fluxes into vF, units, we multiplied dereddened fluxes by the
filter full-width at half-maximum (89 nm, 84 nm, 158 nm and 154 nm for the B, V,
Rand i’ filters, respectively; we converted the AB magnitude of filter i’ to the Vega
system). We then co-added the fluxes in the four different bands to obtain one
single value for the pulsed flux covering the SiFAP2 operating band (320-900 nm)
and multiplied this value by the optical pulse fractional amplitude. A total of four
SED data points were obtained in this way (Supplementary Fig. 9), not enough

to perform a meaningful modelling. We could test just two-parameter models on
these data, such as blackbody, thermal emission from the disk, bremsstrahlung, and
power law. A power-law model fit to the SED data points for the pulsed optical and
X-ray emissions yields a reduced y* value of y2; = 0.4 for 2 degrees of freedom,
and a functional dependence of the form vF, oc /042009,

Models. The fundamental photon cyclotron energy emitted by electrons in

the magnetic field of SAXJ1808.4—3658 at the base of the accretion column
(Bx3.5x10°G; refs. ) is E,, ;= 11.6(B / 10* G) keV = 4.1(r / Rys)eV. At
these energies, the UV and optical pulsed luminosity produced by optically thick
cyclotron emission can be estimated as” Lo, = A [} (2nkT.? /3¢ )dv, where v,
and v, are the boundary frequencies in the SiFAP2 or STIS/G230L energy range
and kT, is the electron temperature. A & nR%(Rys/rc) is the hotspot area of

the accreting polar cap®, where Ry = 10km is the neutron star radius and . is
the corotation radius (the distance at which the Keplerian velocity of matter in
the disk equals the velocity of the neutron star magnetosphere). The area of the
accreting region is ~100 km? at most. The maximum cyclotron luminosity (using®
kT, = 100keV) from electrons in the accretion column is L, (o~ 10 ergs™ in
the 320-900 nm band and Ly, %6 X 10 ergs™" in the 165-310 nm band. These
values are orders of magnitude smaller than the observed UV and optical pulsed
luminosity, and do not favour a cyclotron emission scenario for the UV and
optical bands.

An alternative scenario involves the presence of the accretion disk that does
not prevent the rotation-powered mechanism from working. In this way, optical
and UV pulsations could be produced by a rotation-driven pulsar, as in the isolated
neutron stars>*”". The long-term spin-down energy loss rate can be estimated as
Ey = 4n*Ivir = 2x 10** ergs~!, where I is the moment of inertia of the neutron
star, v is the neutron star spin frequency (Table 1) and # is the first time derivative
of the neutron star spin frequency’. Comparing this value with the observed pulsed
luminosity leads to the magneto-rotational efficiencies for SAX]1808.4—3658 of
Moy 1X 107 and 77, % 6 X 10~ in the B band with 77yy /opt = Lputsed(Uv/opt) /Esd
computed at the time of our observations. Optical and UV pulses have been
observed only in five rotation-powered pulsars”, all isolated, slower-rotating,
younger and with high magnetic fields (>10"2G). The efficiency in converting
spin-down power to UV/optical luminosity was determined in PSR B0540—69 and
in the Crab pulsar'*”. Our estimates are orders of magnitude higher than the Crab
pulsar efficiencies of 57,y ~2 X 107* in the 165-310nm band and #,,,~5x 10~¢ in the
B band. These high efficiencies in SAXJ1808.4—3658 would call for the existence of
a (so far unknown) physical process that is able to enhance the spin-down powered
emission in the presence of an accretion disk.

Comparison between SAX J1808.4-3658 and PSR J1023+0038. Before
SAXJ1808.4—3658, fast optical pulsations were detected only from the

transitional millisecond pulsar PSRJ1023+0038 (ref. '*) while it was lingering in
an X-ray sub-luminous disk state at an average (0.5-10keV) X-ray luminosity

of Ly~ 4x 10*ergs™". The pulsed optical luminosity was also high in that case
(~10°' ergs™), considering that the source was releasing a spin-down power of
4.3x10*ergs™" in the radio pulsar state. Optical and X-ray pulses were almost
phase aligned and detected only during the so-called ‘high’ X-ray luminosity mode
in which the source spends ~70% of the time, but were seen to suddenly disappear
in the lower luminosity mode, suggesting a common underlying process'’. Both
the optical and X-ray pulsations observed from PSR J102340038 are thought to
originate from synchrotron radiation in the intrabinary shock just beyond the light
cylinder radius, where the wind of relativistic particles ejected by the pulsar meets
the accretion disk'*"'”. Optical pulsations from SAXJ1808.4—3658 were detected
in an intermediate stage of the outburst, when the X-ray luminosity had not yet
peaked. Yet, the corresponding X-ray luminosity exceeded that of PSRJ1023+0038
by about an order of magnitude (Ly~ 6 x 10*ergs™"). Optical pulses lagged

the X-ray ones by ~1.4ms, that is, they were almost in anti-phase. During this
outburst and the previous ones, the X-ray spectral and timing properties of
SAXJ1808.4—3658 did not show any evidence for transitions to a non-accreting
regime. These arguments suggest that its X-ray, UV and optical pulses can hardly
be explained by invoking the same physical mechanism.

Data availability

Source data are provided with this paper. The barycentered SiFAP2 data
that support the findings of this study are available in figshare at https://doi.
org/10.6084/m9.figshare.12707444.
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