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X-ray pulsations in AMPs

• mass and radius of the NS

•  accretion torques acting on 
these systems



TIMING NOISE OF SAX J1808.4-3658

[Burderi et al., 2006]
[Patruno & Watts, 2021]

Too rapid variations to be due to changes in the 
accretion rate!
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SAX J1808.4-3658



SAX J1808.4-3658

• Pspin=2.49 ms [Wijnands & van der Klis 1998, 

Nature]

• Mcomp = 0.04 solar masses

• Porb= 2h  [Chakrabarty & Morgan 1998, Nature]

• 10 outbursts since 1996

[Hartman et al.,2008]



2022 

OUTBURST

[Illiano+ 2023, ApJL]

[Miraval Zanon+, (in prep.)]

- - - - SiFAP2/TNG

 (320-900 nm)

- - - - XMM-Newton 

(0.3-10 keV)

- - - - STIS/HST 

(160-300 nm)



[Illiano+ 2023, ApJL]

NICER observation

TIMING ANALYSIS



[Illiano+ 2023, ApJL]

+ 𝑅𝑓𝑙𝑢𝑥(𝑡)

[Bult+ 2020, ApJL]

𝑅𝑓𝑙𝑢𝑥 𝑡 = 𝑏 Τ𝐹𝑥 𝐹0
Γ



XMM



XMM



[Ballocco+,in prep.]

XMM-Newton 

9-10 September 2022

Anti-correlation 
between phase and 
flux



XMM-Newton 

9-10 September 2022

[Ballocco+,in prep.]

When the source flux hits the minimum

Phase 1st harmonic 0.15 → 0.45
Phase 2nd harmonic 0.35 → 0.60

Equivalent to a hot-spot displacement of ≈100°

Ω

μ



Γ = −0.19 ± 0.08 , 𝑏 = (0.8 ± 0.4) 
χ2/𝑑𝑜𝑓 = 162.5/91 

𝑅𝑓𝑙𝑢𝑥 𝑡 = 𝑏 Τ𝐹𝑥 𝐹0
Γ

Anti-correlation between phase and flux

[Ballocco+,in prep.]



Γ = −0.19 ± 0.08 , 𝑏 = (0.8 ± 0.4) 
χ2/𝑑𝑜𝑓 = 162.5/91 

𝑅𝑓𝑙𝑢𝑥 𝑡 = 𝑏 Τ𝐹𝑥 𝐹0
Γ

Anti-correlation between phase and flux

Numerical simulations of accretion onto a fast-rotating 
NS (Kulkarni & Romanova, 2013)

𝑟𝑚 ∝ ሶ𝑀− Τ1
5 →  𝜙0 ∝ 𝑟𝑚 ∝ ሶ𝑀− Τ1

5 



When the source flux hits the minimum

Amplitude of 1st harmonic 4% → 10%
Amplitude of 2nd harmonic ≈ constant (2%)

𝑅𝑖𝑛 ≈ ሶ𝑀−Γ ≈ 𝐹𝑋
−Γ

Γ = 2/7 Ghosh & Lamb

Γ = 1/5    Spruit & Tamm

[Ballocco+,in prep.]



One spot

Two spots

The only configuration that gives an 
amplitude increase when the spot 
inclination decreases is for 

- Two visible spots
- θ ≈ 60-75 degrees

However, the expected 2nd

harmonic amplitude should be 
much larger 

1st harmonic 2nd harmonic

[Lamb et al.,2009]



UV (HST)

X-rays (XMM)

XMM lightcurve

X-rays/UV pulsations in the 
flaring state

[Miraval Zanon, Papitto, in prep.]



[Ambrosino, Miraval Zanon+ 2021, NatAstro]

[Miraval Zanon+, in prep.]

Luv ~ 7.7 x 1033 erg/s

RMS UV amplitude ~ (2.6±0.7)%

Luv (pulsed) ~ 2 x 1032 erg/s

Luv ~ 8.15 x 1033 erg/s

RMS UV amplitude ~ (1.6±0.3)%

Luv (pulsed) ~ 1.4 x 1032 erg/s

UV PULSATIONS
2019

2022



OPTICAL PULSATIONS
LX ~ 5 x 1034 erg/s

Lopt ~ 5 x 1033 erg/s

RMS opt. amplitude ~ (0.55±0.06)%

Lopt (pulsed) ~ 2.7 x 1031 erg/s

LX ~ 6-7 x 1035 erg/s 

Lopt ~ 3.6 x 1033 erg/s

RMS opt. amplitude ~ (0.23±0.02)%

Lopt (pulsed) ~ 1031 erg/s

[Ambrosino, Miraval Zanon+ 2021, NatAstro] [Miraval Zanon+, in prep.]

2019 2022

• Optical pulsations are still present at high X-ray luminosity when the mass accretion is active
• Higher X-ray luminosity → lower optical amplitude



OPEN QUESTIONS

• Why the rapid flux change in the decay 

phase after the peak of the outburst 

does not affect the phases as it does in 

the reflaring phase?

• What is the process that produces the 

optical and UV pulses in AMXPs?



THANK YOU FOR YOUR TIME AND ATTENTION!

Caterina Ballocco| caterina.ballocco@inaf.it

06/06/2024XMM-Newton Workshop, ESAC/ESA, 06/06/2024
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