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The accretion phase of

millisecond pulsars

Kulkarni &
Romanova
(2013)
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Figure 1. Left panel: A 3D view of the funnel flow from the disc to a magnetized star, where the dipole moment p is tilted by © = 20° about the
rotational axis. One of the density levels is shown in green; sample field lines are shown in red. Right panel: the energy flux distribution on the
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» Accretion of material conveys angular momentum and spins-
up the pulsar.




The growing family of

Accreting MilliSecond Pulsars

Name Pspin [MS] Porb [Min] Mc min [Msol] Discovered
SAX J1808.4-3658 2.5 120 0.043 Apr. 1998
XTE J1751-306 2.3 42 0.014 Apr. 2002
XTE J0929-314 5.4 44 0.083 Apr. 2002
XTE J1807-294 5.2 40 0.0066 Feb. 2003
XTE J1814-338 3.2 258 0.17 Jun. 2003
IGR J00291+5934 1.67 150 0.039 Dec. 2004
HETE J1900.1-2455 2.6 84 0.016 Jun. 2005
Swift J1756.9-2508 5.5 54 0.007 Jun. 2007
NGC 6440 X-2 4.86 57 0.0067 Aug. 2009
IGR J17511-3057 4.1 208 0.13 Sep. 2009
Swift J1749.4-2807 1.9 530 0.6 Apr. 2010
IGR J17498-2921 2.5 230.4 0.17 Aug 2011
IGR J18245-2452 3.9 661.5 0.17 March 2013
MAXI J0911-655 2.9 44.3 0.024 February 2016

+ 2 Intermittent pulsars: Agl X-1 and SAX J1748.9-2021
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- IGR J00291

» Fastest AMSP: 600 Hz (fastest pulsar 716 Hz, Hessels et al.
2000)

« Measured spin-up in accretion phase (8.4 10-13 Hz/s, Falanga
et al, 2005)

* Zero orbital period derivative, limit compatible with
Gravitational Wave emission (Patruno et al., 2016)

* Compact binary, similar to SAX J1808.4 companion mass
0.04-0.16 Msol

* A Type-C QPO was found in 2004 outburst (Linares et al.
2007). Frequency at 44 mHz and a hard spectrum.

* In 2015 the source underwent its brightest outburst (this study)

and a thermonuclear burst was detected for the first time with
Swift (De Falco et al., 2016).

« Estimate the distance (4 kpc, De Falco et al., 2016).

X-ray Universe 2017 IGR J00291+5934 - C. Ferrigno



\ UNIVERSITE
' DE GENEVE

IGR J00291+5934
\ \ + ‘ \ \
o ++ b | A i* Ferrigno et al.
S, ot Lk g ph et
o ) + (MNRAS 2017)
i 4.3
— [ B
SRS Thermonuclear
RS 24 it s B o v by by oGS burst
L AR EEEEEY I | : ‘
0 2x10% 4x10% 6x10*
Time (s) 10 .
« 2015: 70 ks XMM Epic T " newen | ]
" - 8| <{> NuSTAR -
timing mode 86 ks RGS Tt
40 ks Contemporary . Cog;‘fz A-
Nustar 2
» Decay of the outburst Al _

Time (MJD)



Power density spectrum
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* 0.5 -11 keV XMM EPIC-pn
* Four broad Lorentzians and one QPOQO: f=8 mHz Q=9 rms=15%
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Energy-resolved

Fourier analysis
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Zoomed light curve and

hardness ratio
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* At low luminosity, sometimes hard, sometimes soft.
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Hardness-resolved

spectra

Hard Spectra (HR>4)

* As for the average |
spectrum (Sanna et al. 2 ooy
2017), we use (Tbabs
*(nthComp (kTs= 1, kTe
= 28 keV + BlackBody
(0.5 keV) )

* We exploit hardness to .
guess the origin of ot S 2
variability. T |

» Softening due to
additional black-body
and lower seed-photon
temperature in
Comptonization. Almost
equal power-law slope.
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QPO-resolved

spectroscopy
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* Nearly sinusoidal. Only one pole is probably seen.
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Pulsation and QPO

« Take a time series of fractional amplitudes of the 600 Hz spin, measured
every ten seconds.

 Make a Power density spectrum: we find a QPO with the same energy

dependency.
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Observational summary

« Strong and Soft QPO at 8 mHz

* Driven mainly by a soft spectral component, identified as a
black body with a few km radius and ~0.5 keV temperature

 Fractional pulsed amplitude is modulated by a QPO

* |s it a phenomenon inherent to
— the accretion flow, or
—thermonuclear burning, or

—is it dueto-absorption? ~ Darameter HR>4 HR<2

Nu (10% cm™2) 0.35£0.02  0.317902

* Absorption is irrelevant, as showed by spectra resolved in
hardness or QPO phase
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QPOs in other AMSPs

 NGC 6440 X-2 is a transient accreting millisecond pulsar with
a 4.86 ms spin perlod and 57 min orbit
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« Strong semi-period modulation at a
frequency of ~1 Hz.

o PSD fitted with 3 harmonic Gaussians
(1 Hz) + Lorentzian (10 Hz QPO)

» Similar to SAX J1808.4-3658 Patruno & D’Angelo (2013
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Cyclic accretion

:5 Lii et al. (2614)
o JWw [ J\ I\
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« Matter accumulates and then is accreted in cyclic fashion
« Contemporary ejections of material
« Much lower time scale (102 lower)
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A similar QPO in a BH!

- * Avery similar signature in

]t W | the power spectrum of the
T 1y black-hole binary H1743—
) o 1°| 322 was found in the
sy 2010-2011 outburst using
° g,ﬂ Chandra.
? | | « They argue it is similar to
NN T e M | the 1 HZz QPO seen in
- ] ? Weast | neutron star and
B R | interpreted as the
Altamirano "E . ! movement of the disc in
etal. i 5 | and out of the coronation
(2011) i1 5 ' ] ' radius.
i ' i » QPOs are harder (seen in
A | RXTE above ~3 keV) and
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Thermonuclear bursts

Burning spreads from
ignition location

Model 1:
flame spread halts

Model 2:

large-scale
waves excited

Watts et al.
(2012)

* Material accumulated on the NS surface undergoes
catastrophic nuclear burning and the object becomes very

bright.
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Regular thermonuclear

bursts

| Motta et al.

-l (2011)
WMM .

Time (s)

* IGR J17480-2446 (Terzan 5) transitioned from Atoll to Z-states.
Becoming extremely bright, the Thermonuclear bursts became
quasi periodic flares with recurrence of ~300 s.

* Our source is dimmer, spectrum is NOT BB dominated, LC is
more “dipping” than flaring
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Modeling

* |t is natural at a high accretion (~Eddington) and very narrow range of
mass accretion rate (1%). In 4U 1636-53, they appear over a range of
50% in luminosity.

* To lower luminosity, it is argued that burning take place in a narrow
equatorial zone. Heger (2007). Ashes of H burning.
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Marginally stable burning

« 4U 1636-53 shows

v, Dynamicpoverspackumafobe . Dfoamic pomecspactumofote2
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spectrum, iy ¥ - |
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thermonuclear 001 A o "“"’"‘"l
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® .
) Conclusions

* We found a very pronounced variability in the XMM-Newton
observation of IGR J00291, reflected by the presence of a soft
QPO (<3 keV, below RXTE band).

* This variability resembles the QPOs in 4U 1608-52,
4U1636-536, and Agl X-1, interpreted as marginally stable
nuclear burning. However, only one thermonuclear burst in IGR

J00291 history and well apart both in flux and time from the
QPO.

 Variability is reflected in the pulsed fraction: shape of accretion
driven emission region”? Change of the surface thermonuclear
emission pattern leading to a modulation in pulsed fraction?

* \We leave open the possibility that it is an accretion-flow
mediated modulation of the accretion rate as in H1743—-322 (or
GRS 1915+105). However, why would it be so soft?

* Multi-messenger data will solve these degeneracies: see eXTP !
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