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Abstract. The development of detectors with a high time resolution has been pivotal to our
comprehension of neutron stars and the accurate measurement of their properties. While
high-time resolution astronomy has become a standard in the radio and the high-/very-high-
energy bands, progress in the visible band has been comparatively much slower. SiFAP2
is a high-speed optical photometer mounted at the INAF Telescopio Nazionale Galileo.
Its potential emerged with the discovery of the first two optical millisecond pulsars: these
are among the most efficient particle accelerators and natural laboratories of fundamen-
tal physics. Optical millisecond pulsations challenge the standard pulsar paradigm, requir-
ing innovative solutions. Higher photon counting statistics of optical telescopes, compared
to high-energy instruments, attain unprecedented sensitivity for weak pulsed signals from
bright accreting neutron stars, which are the best candidates for still undetected continuous

gravitational waves.
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1. Introduction

Fast photometry allows us to precisely mea-
sure the arrival times of individual photons
even with sub-millisecond time resolution.
This technique has proven pivotal in investi-
gating millisecond pulsars (MSPs), rapidly ro-
tating (Pspin < 10ms), weakly magnetized

(B ~ 10% — 10° G) neutron stars (NSs) usually

hosted in binary systems with a low-mass (< 1
M) donor star. According to the ‘recycling
scenario’ (Alpar et al.|1982; Radhakrishnan &
Srinivasan||1982), MSPs are brought to their
fast spin periods through a Gyr-long phase in
which they shine as bright low-mass X-ray bi-
naries (LMXBs). During this stage, they are
spun up by accreting matter and angular mo-
mentum from the donor star. When the mass
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transfer rate declines and eventually stops,
these NSs turn on as radio MSPs powered by
the loss of their rotational energy. This evo-
lutionary scenario was confirmed by the dis-
covery of transitional millisecond pulsars (tM-
SPs; see, e.g., [Papitto & de Martino| 2022),
binary systems observed to swing between
the accretion- and rotation-powered states on
timescales as short as a few days. These ob-
jects represent unique laboratories to gain in-
sight into the interaction between matter and
magnetic fields under extreme conditions that
are unattainable on Earth. Coherent pulsations
are critical diagnostic tools to measure the NS
properties, as well as the emission mechanisms
in different states.

MSPs have been mainly explored over the
years by radio astronomy (Backer et al.||[1982),
followed by X-ray (Wijnands & van der Klis
1998)) and gamma-ray astronomy (Abdo et al.
2013). The optical band lagged behind the
other wavelengths, being mainly dedicated to
collecting slowly variable stellar light of ther-
mal origin. However, several NSs show op-
tical emission that is both non-thermal and
rapidly variable. The delayed progress of high-
resolution optical astronomy can also be at-
tributed to the prevalent use of charge-coupled
devices (CCDs) in optical instruments, typ-
ically operated in integration mode (Dhillon
et al.|[2007; |Collins et al./2009; Dhillon et al.
2021). Driven by the fact that optical obser-
vations collect many more photons and allow
the detection of much weaker signals com-
pared to higher energies, a simple and low-
cost instrument called SiFAP (Silicon Fast
Astronomical Photometer) was built to inves-
tigate the quickly variable optical sky (Meddi
et al. [2012; |Ambrosino et al. |2014). SiFAP
is based on Silicon Photo-Multipliers (SiPM;
Ambrosino et al.2014)) and is capable of count-
ing individual optical photons, recording their
time of arrivals with a relative time resolu-
tion of 8 nﬂ An improved version, named
SiFAP2 (Ghedina et al.| 2018), is mounted
at the 3.58-meter INAF Telescopio Nazionale
Galileo (TNG:; Barbieri et al.[1994). In the past

! https://www.tng.iac.es/instruments/
sifap2/

years, we mainly used it to monitor the fast
optical variability of millisecond pulsars. The
combination of the high temporal resolution of
SiFAP2 and the medium-sized collecting area
of the TNG has proven successful.

2. Optical millisecond pulsars

2.1. The transitional millisecond pulsar
PSR J1023+0038

The discovery potential of SiFAP became
evident with the detection of optical pulsa-
tion at the 1.69-ms NS spin period from the
archetype of transitional millisecond pulsars,
PSR J1023+0038 (hereafter J1023), with a
pulsed fraction of ~0.8% (Ambrosino et al.
2017). Such a discovery made J1023 the first
optical MSP ever detected. Optical high-time
resolution observations were performed when
the source was surrounded by an accretion
disk and also showed X-ray pulsations. Optical
and X-ray pulses were detected simultaneously
in the so-called X-ray high-intensity modes,
while they both disappeared when the source
transited the low modes (Papitto et al.|2019).
In addition, the resemblance in the pulse shape
and the consistency in the pulsed flux density
distributions, compatible with a single power-
law relation, support the hypothesis that optical
and X-ray pulsations are related, originating in
the same region and/or sharing the same emis-
sion process. Recently, pulsations have been
also detected in the UV band, simultaneously
with those observed in the X-rays (Jaodand
et al.[2021; Miraval Zanon et al.|[2022)).
Different studies tried to pinpoint the phys-
ical origin of optical pulsations (see, e.g.,
Campana et al|[2019; [Papitto et al. 2019;
Veledina et al.|[2019). The standard rotation-
and accretion-powered mechanisms individu-
ally struggle to account for the observed op-
tical pulsed luminosity (Loyx ~ 10°!ergs™;
Ambrosino et al.|[2017} [Papitto et al.|[2019).
Initially, X-ray pulsations were explained as
a consequence of matter channeling along the
magnetic field lines, leading to the formation of
accretion columns on the NS poles (Archibald
et al.|2015). However, even assuming that op-
tical pulses are due to cyclotron emission from
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electrons falling into these accretion columns,
the expected luminosity would be about 40
times lower than observed (Ambrosino et al.
2017} [Papitto et al.|2019). Conversely, optical
emission driven by the rotation of the NS mag-
netic field would require an efficiency in con-
verting the spin-down power to the pulsed op-
tical emission up to 10* times higher than the
values estimated for the five isolated rotation-
powered pulsars from which optical pulses
were detected (Cocke et al.| |1969; Mignani
2011; |Ambrosino et al.|[2017). Consequently,
the rotation-powered mechanism by itself can-
not be the common origin of X-ray, UV, and
optical pulsations from J1023.

A scenario wherein, despite the presence of an
accretion disk, a rotation-powered pulsar is ac-
tive in the system was thus proposed. Optical
and X-ray pulsations would originate from
synchrotron emission in a shock that forms
just beyond the light cylinder radius (~100
km from the NS), where the pulsar wind en-
counters the matter from the inner accretion
disk. In this region, electrons are accelerated
to relativistic speeds and emit synchrotron ra-
diation by interacting with the high magnetic
field of the shock region (Papitto et al.|2019).
To test this model, we investigated the re-
lation between optical and X-ray pulsations
from J1023. A first analysis of simultaneous
observations performed with the X-ray tele-
scope XMM-Newton and the fast optical pho-
tometer SiFAP2 revealed that optical pulses
lag the X-ray ones by ~200us (Papitto et al.
2019). The proposed scenario interprets this
time lag in terms of the different timescales
over which synchrotron X-ray and optical pho-
tons are emitted. We carried out an addi-
tional detailed timing analysis on optical/X-
ray (quasi-)simultaneous observations, acquir-
ing data with the XMM-Newton and NICER
X-ray satellites, and the fast optical photome-
ters SiFAP2 and Aqueye+ (Zampieri et al.
2015)) over about five years. The time lags lie
in a very limited range of values, ~(0 —250) us
with a weighted average of (162 + 6) us, tak-
ing into account the absolute timing accuracy
of the instruments. This is maintained over
time, supporting the hypothesis that both pul-
sations originate from the same region and

that their emission mechanisms are intimately
linked (Ill1ano et al.|[2023al).

2.2. The accreting millisecond pulsar
SAX J1808.4-3658

More recently, SiFAP2 also detected coher-
ent optical pulsations from the 2.5-ms accret-
ing MSP SAX J1808.4-3658 (hereafter J1808)
during an outburst phase, with a fractional si-
nusoidal amplitude of ~0.55%. In the last part
of the outburst, UV pulsations were also ob-
served with the Hubble Space Telescope (HST;
Ambrosino et al.|2021). In August 2022, this
source showed the onset of a new outburst and
we organized a multi-wavelength campaign
with three X-ray telescopes (XMM-Newton,
NICER, and NuSTAR), SiFAP2 in the optical
band, and the HST in the UV band. Thanks to
high-cadence monitoring with NICER, we per-
formed a coherent timing analysis of the pulsar
ephemeris based on X-ray pulsations (Illiano
et al.|2023b)), which in turn allowed us to con-
firm the presence of optical and UV pulsations
also during this latest outburst (Miraval Zanon
et al., in prep.). This time, optical pulsations
were detected with SiFAP2 at a higher mass
accretion rate than in the previous outburst,
confirming their presence in different stages
of the accretion phase. In J1808 optical pul-
sations turned out to be very bright (Loy =~
2.7x103! erg s~!;|Ambrosino et al.|2021), even
brighter than in the transitional MSP J1023,
making it harder to identify their physical ori-
gin. They may be produced by a mechanism
of particle acceleration taking place even when
mass accretion is going on. This interpreta-
tion challenges a long-standing paradigm and
opens new avenues for studying the interac-
tion between the pulsar magnetosphere and the
disk.

3. Conclusions

We reviewed the discovery of the first two op-
tical millisecond pulsars, the transitional J1023
and the accreting J1808 (Ambrosino et al.
2017, [2021)), made possible by the fast opti-
cal photometer SiFAP2 at the INAF Telescopio
Nazionale Galileo. Standard emission models
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hardly explain the observed optical pulsed lu-
minosity. Optical pulses may be the result of
a particle acceleration process persisting even
when mass accretion is ongoing. Such a sce-
nario not only questions a long-established
framework but also paves the way for inves-
tigating the interplay between the pulsar mag-
netosphere and the accretion disk. The need to
better understand the physical origin of the ob-
served high optical pulsed luminosity strongly
motivates further explorations of optical pulsa-
tions in MSPs in different states.

A SURVEY FOR OPTICAL MSPs - We are
conducting an extensive observational cam-
paign using SiFAP2 to target various types
of MSPs, aiming to enhance our understand-
ing of optical millisecond pulsations. Our ini-
tial focus involved observing some known
rotation-powered millisecond pulsars. A detec-
tion would indeed allow us to determine the ef-
ficiency of the process in a non-accreting sys-
tem, to be compared to the cases discovered
so far. At the time of writing, we have not
detected a highly significant signal (Miraval
Zanon et al. 2021, Miraval Zanon et al., in
prep; La Placa et al., in prep.). Additionally, we
also endeavored to search for optical pulsations
in other transitional millisecond pulsar candi-
dates, i.e., 3FGL J1544.6—1125 (Bogdanov &
Halpern|2015). The fact that we have not de-
tected optical pulsed emission so far may be
due to the large uncertainties on the orbital pa-
rameters (Britt et al.||2017) necessary to per-
form our signal searches. We are confident that
an increased exposure time could potentially
lead to the discovery of a pulsed optical signal
from this source.

TARGETING THE BEST CANDIDATES FOR CONTIN-
UOUS GRAVITATIONAL WAVES - Our search for op-
tical pulsars also focused on accreting neutron
stars in low-mass X-ray binaries that do not ex-
hibit pulsations at other wavelengths. Notably,
only a small fraction of known accreting neu-
tron stars in LMXBs show coherent X-ray pul-
sations (see, e.g., (Campana & Di Salvo|2018};
Patruno et al. 2018} [Patruno & Watts| |2021f
Di Salvo & Sannal[2022), and by observing
them in the optical band we aim at validat-
ing the hypothesis that this may be due to the
lack of sensitivity in the X-rays. Compared

to higher energies, optical observations col-
lect many more photons and allow the detec-
tion of much weaker signals. The brightest ac-
creting NS, Scorpius X-1, is believed to be
the best candidate source for continuous grav-
itational waves (CGWs) since the spin-down
torques due to GW emission should balance
accretion spin-up torques before reaching the
break-up limit (Bildsten||1998). Although the
orbital ephemerides of Scorpius X-1 have been
estimated (Killestein et al.[[2023), its spin pe-
riod has eluded detection despite decades of
X-ray searches (see, e.g., (Wood et al.||[1991).
This lack of information has significantly lim-
ited the sensitivity of searches in data from
the Advanced LIGO/VIRGO interferometers
(Abbott et al.|[2019). Consequently, our goal
is to leverage high-resolution optical observa-
tions to search for coherent pulsations in the
most promising candidate sources for the still
undetected continuous gravitational waves.
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