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Rotation and accretion powered pulsars

Rotation-powered (radio) pulsars
Rotation of the electromagnetic 
field
➝ particle acceleration
➝ radio/gamma-ray pulses

Accretion-powered (X-ray) pulsars
Accretion of matter lost by a 
companion star channeled by the 
NS magnetic field
➝ X-ray pulses

NASA/Goddard Space Flight Center/Dana Berry

https://svs.gsfc.nasa.gov/10144
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Recycled low-mass X-ray binaries
[Bisnovatyi-Kogan & Komberg 1974, Backer+1982,
Alpar+1982, Radhakrishnan+ 1982, Wijnands & van der Klis 1998]

Millisecond (radio) pulsars: the recycling scenario

[Tauris & van den Heuvel, 2022]

Death line

Dipole rotation spin-down

Accretion spin-up

Pulsar Graveyard
● Low magnetic fields (~ 108 -109 G)
● Often in globular clusters → very old 

objects
● Often in binary systems
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      Accreting millisecond X-ray pulsars
● Transient LMXBs showing coherent ms X-ray pulsations
● Alternate cycles of outburst and quiescence

- outburst –> dominated by accretion disc
- quiescence –> thermal emission from the companion star

Main features:
➢ companion star mass M < 1M

⊙
;

➢ orbital periods Pb < 1 day;
➢ mass accretion spins-up the NS to ms periods;
➢ rare systems (∼ 24 discovered) [Patruno & Watts 2021; Di Salvo & Sanna 2022]

[C
redit: R

. H
ynes]
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The missing link: transitional millisecond pulsars

Rotation-powered (radio) pulsars

Accretion-powered (X-ray) pulsars

[Archibald+ 2009; Papitto+ 2013; Bassa+ 2014]
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3 confirmed transitional  millisecond pulsars
[Archibald+ 2009, Bogdanov+ 2011, 2015, 2016; Coti Zelati+ 2014,2018;
Stappers+ 2014; Takata+ 2014; Campana+ 2016, 2019; Papitto+ 2015, 2018, 2019; Ambrosino, Papitto+ 2017; 
Shahbaz+ 2015, 2018, 2019, 2022; Kennedy+ 2018; Jaodand+ 2016, 2021; Deller+ 2012, 2015; Tendulkar+ 
2014; Hakala+ 2018; Patruno+ 2014; Baglio+ 2019; Burtovoi+ 2020; Miraval Zanon+ 2022]

[Bassa+ 2014, de Martino+  2010, 2012, 2013, 2014, 2015, 2020; Baglio+ 2016; 
Deller+ 2013;  Roy+ 2015; Johnson+ 2015; Papitto+ 2014, 2015; Bogdanov+ 
2015; Miraval Zanon+ 2020]

[Papitto+ 2013,  Ferrigno+ 2014; Linares+ 2014; De Falco+ 2017]



[Papitto+ 2013, Nature]

LX-ray ~ 5 x 1036 erg/s

       IGR J18245-2452 in the globular cluster M28

Weak radio pulsar signal (~10-50 
microJy) detected less than two 

weeks after the X-ray pulsar detection

LX-ray < 1032 erg/s



      The three states of transitional millisecond pulsars
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Accretion state 
(IGR J18245-2452)
Bright X-ray outburst (~1036 erg/s)
X-ray pulsations
No visible radio pulsar

Sub-luminous disk state 
(PSR J1023+0038 & XSS J12270-4859)
Sub-luminous accretion (~1034 erg/s)
Brighter gamma-ray emission
X-ray/UV/optical pulsations
No visible radio pulsar

Radio pulsar state (redbacks)
Faint in X-rays (~1032 erg/s)
Radio/gamma-ray pulsations
Radio eclipses

[Papitto+ 2013; Ferrigno+ 2014; Linares+ 2014; See 
review by Papitto & de Martino 2022]
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       Sub-luminous disk state: X-ray variability

Flaring mode
High mode
Low mode

PSR J1023+0038

[A
rchibald+ 2015, A

pJ]

[de Martino+ 2013, A&A]

[B
ogdanov+ 2015, A

pJ]

XSS J12270-4859
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Detectors for fast optical photometry
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The Silicon Fast Optical Photometer

[Meddi+ 2012; Ambrosino+ 2013, 2015; Ghedina+ 2018; Ghedina+ 2022]
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PSR J1023+0038

● Optical pulsations discovered when the source 
was surrounded by an accretion disk and also 
showed X-ray pulsations

● Optical pulse profile very similar to the X-ray one
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[Papitto+ 2019]

Pulsating in unison at optical and X-ray energies
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[Miraval Zanon+ 2022]

UV pulsed emission with Hubble Space Telescope
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Standard emission mechanisms hardly individually 
explain the observed optical pulsed luminosity

Rotation-powered Accretion-powered
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Rotation-powered pulsar

Optical efficiency ηopt = Lpulsed (opt)/Ėsd ∼ 2 × 10−5

Credit: X-ray: NASA/CXC/SAO; Optical: NASA/STScI; Infrared: NASA-JPL-Caltech

[Ambrosino+ 2017]
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Accretion-powered pulsar

Optical pulses due to cyclotron 
emission by infalling electrons in the 
accretion columns

❖ Lcyc(opt)~ 3 × 1029 erg/s

● Lpulsed(opt)~ 1.6 × 1031 erg/s

Lcyc(opt) ≪ Lpulsed(opt)
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[Papitto+ 2019; Veledina+ 2019]

A pulsar wind heating the accretion disk
Synchrotron radiation from the shock between 
the striped wind and the accretion disk

● Radio pulsar is always active 
● Optical,UV and X-ray pulses are produced by 

the same process

Very bright optical pulsations:
accretion, spin power, or both?
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Time lags between optical and X-ray pulsations

[Papitto+ 2019] [Illiano+ 2023]

Different synchrotron timescales of optical and X-ray photons:
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SAX J1808.4-3658

● Optical and UV pulsations discovered when the 
source was surrounded by an accretion disk and 
also showed X-ray pulsations

● Optical emission lags X-rays by ~ 1.38 ms



21[Hartman+ 2008]

First discovered 
accretion-powered millisecond 

pulsar (ν∼401 Hz) 

● orbital period of ∼2 hours 
● outburst recurrence of about 1.6-3.3 yr

SAX J1808.4-3658

https://it.wikipedia.org/wiki/Ni_(lettera)
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Outburst of SAX J1808 in August 2019

[Ambrosino, Miraval Zanon+ 2021]

LX ~ 5 x 1034 erg/s
Lopt ~ 5 x 1033 erg/s
Aopt ~ (0.55±0.06)%
Lopt (pul) ~ 2.7 x 1031 erg/s
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New outburst of SAX J1808 in August 2022
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New outburst of SAX J1808 in August 2022

[Miraval Zanon+ in prep]

Optical (SiFAP2@TNG)
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X-rays/UV pulsations in the re-flaring state
X-ray (pn@XMM)

UV (STIS@HST)
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New outburst of SAX J1808 in August 2022

LX ~ 6-7 x 1035 erg/s
Lopt ~ 3.6 x 1033 erg/s
Aopt ~ (0.23±0.02)%
Lopt (pulsed) ~ 1031 erg/s

[Miraval Zanon, in prep]



27

Standard emission mechanisms inadequate for 
explaining very bright optical pulsations

Do accretion and rotation power coexist?

Does accretion produce optical pulsations 
much brighter than expected?
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How many optical millisecond pulsars are out there?

Rotation-powered MSPs
Redbacks and black widow pulsars 

Aopt < 0.1 % 

Candidate Transitional MSPs
Aopt < 1.5 %   (in PSR J1023+0038 was 1%)
Possible detection in longer exposure
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Fast optical photometry for:

❖ Optical millisecond pulsars
The transitional PSR J1023+0038
The accreting SAX J1808.4-3658
Accretion vs Rotation power (or both?)

❖ Optical pulsations from bright low-mass X-ray binaries
Sco X-1 and other candidate sources for continuous GW  
searches (see Riccardo La Placa’s talk)
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Thank you for your time 


