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ACCRETING
MILLISECOND
et s PULSARS

accretion disk

* Transient systems: active
(accretion outburst) and

mass transfer via .
quiescent phases

filled Roche lobe

e . * X-ray pulsations detected only
‘ during outbursts so far

low mass * Low-mass companion: M s 1 Mg
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infalling gas  Mass accretion spins up the

hot spot (emits X-rays) neutron star to ms periods

* Orbital periods P,,, < 1 day

Credit: S. Galaudage




SAX J1808: YEARS OF OUTBURSTS

1998 2002 2008 2015 2022
Discovery of [Papitto+ 2005; Burderi+ [Hartman+ 2009; [Sanna+ 2017; Patruno+ Latest
401 Hz 2006; Hartman+ 2008] Burderi+ 2009; Patruno 2017; Di Salvo+ 2019] outburst
pulsations: 2009] [llliano+ 2023,
FIRST AMXP ApJL; Miraval
[Wijnands & van Zanon+ (in
der Klis 1998] prep.)]
@, @ o @ o O O

1996 2000 2005 2011 2019

Discovery X-ray [Papitto+ 2005; [Hartman+ 2008] [Patruno+ 2012] [Bult+ 2020; Baglio+ 2020]

transient Hartman-+ 2008] Discovery of optical and UV

[in ‘t Zand+ 1998, pulsations

2001] [Ambrosino, Miraval Zanon+

2021]



NUSTAR (P! Papitto)|
e 22-23 August 2022

© 379 keV 'TNG/SIFAP2 (Pl Miraval Zanon)
Duration: 120 ks . 2627 August 2022
. 320-900 nm
2022 OUTBURST: NICER (P! Papitto) . Duration: 4 hr
MULTI-WAVELENGTH e 23 August - 31 October 2022
OB(SIEEI‘LAJII&I““AL + 0.2-12 keV 'HST/STIS (PI Miraval Zanon)|
e Duration: 163 ks . 10 September 2022
. 160-300 nm
[XMM-Newton (PI Papitto)] e Duration: 2240 s

e 9-10 September 2022
e 0.3-10 keV
e Duration: 120 ks

Accepted coordinated ToO with IXPE
but not executed due to visibility constraints




NUSTAR (P! Papitto)
e 22-23 August 2022
. 3-79 keV 'TNG/SIFAP2 (Pl Miraval Zanon)

e Duration: 120 k
uration S e 26-27 August 2022

- ™~ ¢ 320-900 nm
2022 OUTBURST: NICER (P! Papitto) + Duration: 4 hr
MULTI-WAVELENGTH e 23 August - 31 October 2022
OB(SIEEI‘LAJII&I““AL + 0.2-12 keV 'HST/STIS (PI Miraval Zanon)|
\° Duration: 163 ks ) . 10 September 2022
e 160-300 nm
[XMM-Newton (PI Papitto)] e Duration: 2240 s
e 9-10 September 2022
e 0.3-10 keV

e Duration: 120 ks

Accepted coordinated ToO with IXPE
but not executed due to visibility constraints




TIMING ANALYSIS

A(t) = do — Av(t — Tp) —%v(t—TO)QJrRorb(t) :
SVE L am
Parameter Value - | :Iiilh:;'ﬁfﬁ.ll
Epoch (MJD) 59810.5956860 E
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Count rate (c/s)

Phase residual (cycles)

TIMING ANALYSIS
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Count rate (c/s)

Phase residual (cycles)

TIMING ANALYSIS
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| SAX J1808: most thoroughly studied AMXP |

¢
[ Detailed study of the long-term spin }

frequency evolution

V
LONG-TERM Previous works: average spin-down rate of
SPIN Vsp = 107 Hz/s

[Patruno+ 2012; Sanna+ 2017; Bult+ 2020]
FREQUENCY ‘98 '00 '02 ZOJ:arZT)fO(;Uth(;I;T 2015 2019
EVOLUTION “2 [ linear phase model ——— | | [Bult+ 2020]
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LONG-TERM SPIN FREQUENCY EVOLUTION

AI/(t) = 51/98 + DSD(t - TQS) + 5Vp08 (t: )\7 /8)

dvggs = 2.7(1.9) x 10 Hz

vgp = —1.152(56) x 10~1° Hz/s
63 = —0".93(38)

SA = 07.42(15)

x?/dof = 34.9/5

l
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[ SAX J1808’s orbital evolution highly discussed }

|

/= Until 2008, orbital expansion at ~ 4 x 10712 s s~1 N
[e.g. Di Salvo+ 2008; Hartman+ 2008, 2009; Burderi+ 2009]

« Suggestion of an acceleration of the expansion in 2011
[Patruno+ 2012]

LONG-TERM
ORBITAL \ Slower evolution since 2015 [Sanna+ 2017; Patruno+ 2017] /
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ATzsc (S)

Residuals (s) Residuals (s)

FIRST INDICATION OF ORBITAL CONTRACTION
IN THE LAST TWENTY YEARS
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[lliano+ 2023, ApJL] Two orders of magnitude higher than observed



« AQ < 0 — Companion less oblate — the orbit expands (P,,, > 0)

« AQ > 0 — Companion more oblate — the orbit shrinks (P, < 0)

GRAVITATIONAL
QUADRUPOLE

COUPLING
(GQC) MODEL

[Applegate 1992; Applegate &
Shaham 1994]

Credit: A. Sanna



First scenario: mass ejected with the specific angular
momentum of the inner Lagrangian point

GRAVITATIONAL 1

QUADRUPOLE P, too large for the X
COUPLING observed orbital evolution

(GQC) MODEL 3 CIN?

[Applegate 1992; Applegate &
Shaham 1994]




First scenario: mass ejected with the specific angular
momentum of the inner Lagrangian point

GRAVITATIONAL 1

QUADRUPOLE P, too large for the
COUPLING observed orbital evolution ‘
(GQC) MODEL | . e\

[Applegate 1992; Applegate &
Shaham 1994] /" The mass has to leave the

system with an angular
momentum equal to or greater
than that of the secondary
\ centre of mass 4




CONCLUSIONS

* Timing analysis of the 2022 outburst:
confirmation of the secular spin-down and hints
of an orbital decay

 Next outburst crucial to confirm the orbital
evolution

* Detecting (optical) pulsations during
quiescence would increase our ability to
monitor the pulsar evolution
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evolution

* Detecting (optical) pulsations during
quiescence would increase our ability to
monitor the pulsar evolution

THANK YOU FOR THE ATTENTION!
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