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Talk Outline: what pulse profiles tell us

> Research objectives and methods

> Energy-resolved pulse profiles as 
spectroscopic diagnostic tool 

> Application of these methods to a 
sample of HMXB

> Future directions 



Methodology



Pulse profiles have been widely studied …

Alonso-Hernandez, 2022



Pulse profiles have been widely studied

Alonso-Hernandez, 2022

Energy dependence of the pulsed fraction



The close and distant pulsar environments

Pottschmidt+26, submitted



Cyclotron resonant scattering  features in the energy spectra of 
accreting X-ray pulsars

The absorption cyclotron line 
in AXP is caused by resonant 
absorption and scattering of 
photons between Landau 
levels.

Abrupt changes in the 
pulsed fraction at the 
fundamental cyclotron 
energy have been previously 
reported in several sources.

Lutovinov+2017
doi: 10.1093/mnras/stw3058



Research objectives 

● Create a “catalogue” of energy-resolved 
pulse profiles based on NuSTAR data for 
all pulsars which have a clear cyclotron 
line detection. 

● A database with uniform, easily 
cross-checkable, timing products. 

● Study the amplitude energy dependence 
in conjunction with spectroscopic results

● Test and compare results from benchmark 
sources

● Exploit all the accessible parameter space 
from pulse profile decomposition.



Methods: a pipeline for automatic analysis of PP

Data collection, 
cleaning and 
src/bkg 
extraction

Timing 
analysis and 
time (GTI) 
filters

Energy-phase 
Matrix 
computation (at 
the instrument 
energy 
resolution)

Rebinning at the 
optimal SNR

Calculate Fourier 
components, 
assess errors 
through MC 
simulations

Fitting of the PF 
spectrum: 
polynomial+Gaussian
MCMC error 
computation
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Methods: a pipeline for automatic analysis of PP
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Critical step forward if you want to study features



Energy-phase matrices



Methods: a pipeline for automatic analysis of PP

Data collection, 
cleaning and 
src/bkg 
extraction
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A lot of efforts here: choosing the right quantities and 
estimate the right errors



What is meant by pulsed fraction (PF)?

No general consensus, but always understood as the power of the modulated 
signal. It can be normalised with respect to the total observed emission (that’s 
why it is a fraction).  But the “exact numeric value” can be known only in the limit 
of very high statistics. In general “the PF value” depends a lot on the method 
and on the user-defined binning of the pulse profile. 



Not all the definitions are equally effective

At low statistics some 
definitions result in 
much larger uncertainty,
which comes not from 
data but on the 
definition itself.

Ferrigno, D’Aì, Ambrosi, A&A, 2023

https://ui.adsabs.harvard.edu/link_gateway/2023A%26A...677A.103F/PUB_HTML


So the PF values are method-dependent?

FFT/RMS methods can 
slightly go even above 1. 
They are not really 
“fractions”.

But they offer the 
advantage to be less 
biased against the Nbins 
choice and to have the 
minimum relative 
uncertainty. 

Ferrigno, D’Aì, Ambrosi, A&A, 2023

https://ui.adsabs.harvard.edu/link_gateway/2023A%26A...677A.103F/PUB_HTML


Methods: a pipeline for automatic analysis of PP

Data collection, 
cleaning and 
src/bkg 
extraction

Timing 
analysis and 
time (GTI) 
filters

Energy-phase 
Matrix 
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the instrument 
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resolution)

Rebinning at the 
optimal SNR

Calculate Fourier 
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Fitting of the PF 
spectrum: 
polynomial+Gaussian
MCMC error 
computation

Fitting the PF(energy) data with what??? Uncharted territory



Giving quantitative estimates

The key objective in decomposing the PPs was to pass from qualitative 
descriptions  to quantitative estimates. To give numbers and errors associated with.
Treat the PF values vs energy as it were a “energy spectrum”. 
We called it the Pulsed Fraction Spectrum (PFS)
 



Giving quantitative estimates

The key point in decomposing the PPs was to pass from qualitative descriptions  to 
quantitative estimates. To give numbers and errors associated with.
Treat the PF values vs energy as it were a “energy spectrum”. We called it the 
Pulsed Fraction Spectrum (PFS)
 Phenomenological approach:

- use polynomials for the continuum 
(raise the polynomial degree until 
the description is ok)

- use Gaussians for the features
- split the energy range to avoid too 

high n-polynomials 
- use MCMC for error estimates



Pulsed fraction as a spectroscopic diagnostic tool 

D’Aì et al. MNRAS 2017

https://academic.oup.com/mnras/article/470/2/2457/3815540


Other examples from Ferrigno, D’Aì, Ambrosi (A&A 2023)

Cep X-4 Cen X-3 Her X-1

https://www.aanda.org/articles/aa/abs/2023/09/aa47062-23/aa47062-23.html


Pulse Profiles of Accreting Neutron stars Deeply Analysed - PPANDA

Ferrigno, D’Aì, Ambrosi, A&A, 2023

https://ui.adsabs.harvard.edu/link_gateway/2023A%26A...677A.103F/PUB_HTML


Pulse Profiles of Accreting Neutron stars Deeply Analysed - PPANDA

Pulsed Fraction Spectrum  
best-fit and residuals

full harmonic 
decomposition:
amplitudes and 
phases of the 
harmonics

Heat map
Energy-phase 
matrix

Correlation 
spectrum

Lag spectrum

Ferrigno, D’Aì, Ambrosi, A&A, 2023

Pulse profiles

https://ui.adsabs.harvard.edu/link_gateway/2023A%26A...677A.103F/PUB_HTML


Fantastic, let’s analyse all the sources with cyclotron lines !!!



Fantastic, let’s analyse all the sources with cyclotron lines !!!

The many faces of pulse profiles in AXP



Dips and bumps



Sometimes there are bumps at the Ecycl

Maniadakis et al. A&A accepted



PFS: dips and bumps at the cyclotron line energy

Maniadakis et al. A&A accepted

Not a dip, but some sort of bump…

Maniadakis, Sokolova-Lapa, D’Aì et al., A&A, 2025, 

How the spin-phase variability of cyclotron lines shapes 

the pulsed fraction spectra: Insights from 4U1538–52. 



Spectra of all 8 phase bins normalized at 10 keV 
Cyclotron line parameters variation 
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1. CRSF deeper at secondary peak 
2. CRSF shallower at primary peak 

Maniadakis+ 2025

Cyclotron line energy spin dependence



Reproducing the PF features

30

Simply said: the PF spectra track the spectral spin variability of the 
Cyclotron line

PF = σ / μ
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CRSF depth vs spin-dependent flux

Increasing depth of the CRSF of the primary peak spectrum 

Bump becomes smaller and smaller                    Dip becomes deeper and deeper
Feature has a more complicated shape: the energy does not coincide with the spectral value 

Maniadakis+2025



Uncovering 
state-dependent 
cyclotron lines



4U 1901+03 Spectra Modelling



4U 1901+03 Energy Spectra Modelling



Luminosity-dependence of the PFS features

Ambrosi, D’Aì et al, 2026, A&A

Almost featureless PFS at high Lum

https://www.aanda.org/articles/aa/pdf/2026/05/aa57808-25.pdf


Luminosity-dependence of the PFS features

A clear hint to a feature at low Lum

Ambrosi, D’Aì et al, 2026, A&A

https://www.aanda.org/articles/aa/pdf/2026/05/aa57808-25.pdf


Cyclotron line wings



The PFS of V 0332+53



The PF spectra of V0332 from Nustar observations
D’Aì et al., A&A, 2025

https://www.aanda.org/articles/aa/full_html/2025/02/aa51469-24/aa51469-24.html


The PF spectra of V0332 from Nustar observations

from the spectral analysis of Doroshenko+17

D’Aì et al., A&A, 2025

https://ui.adsabs.harvard.edu/link_gateway/2017MNRAS.466.2143D/PUB_HTML
https://www.aanda.org/articles/aa/full_html/2025/02/aa51469-24/aa51469-24.html


The overall picture: two peaks always at both side of Ecyc



The overall picture: two peaks always at both side of Ecyc

Data and best-fitting
models from the first 4  obs.



What is the origin of this variability?

Cyclotron lines are (theoretically) expected to 
be asymmetric with broad line wings 
depending on the observing angle, and 
physical and geometrical properties of the 
line forming region.

The appearance of these wings is strongly 
indicative of a face-on geometry, with a small 
angle between the rotation and magnetic 
axis.

Schwarm+17

https://www.aanda.org/articles/aa/full_html/2017/05/aa30250-16/aa30250-16.html


The low-energy 
landscape



Building a broadband PFS 

EPIC/pn and NuSTAR cross-calibration of 
pulse profiles from a simultaneous 
observation of Vela X-1

Maniadakis, D’Aì et al., A&A, 2026

Yeste
rd

ay on 

Arxi
v ! 

arX
iv:2605.10
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Building a broadband PFS 

EPIC/pn and NuSTAR cross-calibration of 
pulse profiles from a simultaneous 
observation of Vela X-1

Maniadakis, D’Aì et al., A&A, 2026



The iron range landscape

Maniadakis, D’Aì A&A 2026



The low-energy landscape of spectral features

Maniadakis, D’Aì A&A 2026

Time-dependent evolution of the PFS



Exploiting the high 
resolution of XRISM



XRISM observation of Cen X-3
196 ks observation made on Feb. 12 2024, covering one complete orbit (Porb=179.7 ks)

9.3e6 of clean events (3.6e6 of Hp)



NS timing & energy resolved profiles
Mochizuki+24



The 2-12 keV Resolve energy phase matrix and PFS

Prelim
inary



Conclusions

● Tested methodology for a large variety of cases
● Introduced flexibility for ingesting different types of detectors 
● Configurable parameters for the perfect fine-tuning (choice of GTI, best 

signal-to-noise ratio, fit modelling and so on)
● Working on a spectral-timing approach to improve determination of spectral 

and timing parameters

Do you have a particular source you want to analyse? Want to join? 

Contact me antonino.dai@inaf.it



Back-up material
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Physical modeling simulations using the FINRAD code
 (Sokolova-lapa+2021,2023)

Simulated 
Primary 
and 
secondary 
peak 
spectra

Reproducing 
the bump at 
the PF 
spectrum 

Simulated total 
pulse profile 

Energy resolved 
pulse profile 
around the CRSF 
energy

We reproduce the observables, using the 
FINRAD code (Radiative Transfer Equation for 
two hotspots in NS) 
  

Maniadakis+ 2025
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Resulting Geometry of 4U 1538

Maniadakis+ 2025



Primary peak:
- Higher flux 
- Smaller cyclotron 

cross section 

Secondary peak:
- Lower flux 
- Higher cyclotron 

cross section 
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Primary vs Secondary peak







Looking for spectral counterparts

A single broad absorption feature 
dominates the residuals at the Ecyc

Two emission components at both 
sides of the cyclotron line

equivalent to a “nested” model of two 
abs. features of different widths

but significantly better than 
a single Gaussian in absorption



What if the line lags behind the continuum?


