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Figure: Adapted from Ray et al. 2019

FROM NUCLEAR PHYSICS TO TELESCOPE



NICER PULSE PROFILE DATA
ROTATION-POWERED MILLISECOND PULSARS

Constrained mass

PSR J0030+0451 
(Bogdanov et al. 2019)

PSR J0740+6620 
(Wolff et al. 2021)
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Model parameters:
Mass and radius

Geometric properties

OUR PULSE PROFILE MODELING PROCESS

Lightcurve model: the (astro)physics 



X-RAY PULSE SIMULATION AND 
INFERENCE (X-PSI) PACKAGE

X-PSI software (used for our NICER analysis) available via 
Github – finally available for Python 3 as well.
https://github.com/xpsi-group/xpsi

Full reproduction packages for all NICER analyses available 
via Zenodo (scripts to run X-PSI, data and model files, post-
processing notebooks, full samples). Links to papers and 
Zenodos via ‘Applications’ tab on X-PSI pages.



PULSAR SURFACE EMISSION PATTERNS

Surface heating pattern due to return 
currents a priori poorly constrained.

(Figure courtesy of Kostas Kalapotharakos, 
see also Harding & Muslimov 2011)



POLAR CAP MODELS
• We use 2-cap models of increasing surface pattern complexity.

Northern rotational hemisphere 

Southern rotational hemisphere Riley et al. 2019



NICER’S FIRST SURFACE MAP

NICER team J0030 papers
Data and supporting analysis (Bogdanov et al. 2019a,b, 2021);

X-PSI analysis group (Riley et al. 2019, Raaijmakers et al.19, Bilous et al. 2019); 
Maryland-Illinois analysis group (Miller et al. 2019). 

PSR J0030+0451



COMPLEX MAGNETIC FIELD

Credit: NASA’s Goddard Space Flight Center/Harding, Kalapotharakos, Wadiasingh. 



MAPPING THE MOST MASSIVE PULSAR

PSR J0030+0451 PSR J0740+6620

Movie:  Sharon Morsink, NASA 

NICER team J0740 papers
Wolff et al. 2021, Riley et al. 2021, Raaijmakers et al. 2021, 

Miller et al. 2021, Salmi et al. 2022 



FROM SURFACE TO SUBSURFACE

Data

Model

PSR J0030+0451

PSR J0740+6620

68%, 95% regions

NICER M-R Credible regions from Riley et al. 2019, 2021



THE IMPORTANCE OF BACKGROUND

Riley et al. 2021, 
Salmi et al. 2022



INFERRED MASS AND RADIUS

Data

Model

PSR J0030+0451

PSR J0740+6620

68%, 95% regions

X-PSI Credible regions from Riley et al. 2019, 2021



Data

Model

Now comparing Riley et al. 2019, 2021 to Miller et al. 2019, 2021

PSR J0740+6620

PSR J0030+0451

INFERRED MASS AND RADIUS



INFERRED EQUATION OF STATE

PSR J0030+0451

PSR J0740+6620

68%, 95% regions

M-R relation (for a specific EOS parameterization) from Raaijmakers et al. 2021



WHAT’S NEXT FOR PSR J0740+6620?

Data

Model

68%, 95% regions

X-PSI Credible regions from Riley et al. 2021, Salmi et al. 2022

New astrophysics 
e.g. atmospheres/beaming (Salmi et al. submitted)
Atmosphere makes little difference for PSR J0740

More data – contours shrink 
(Salmi et al. in prep)



WHAT’S NEXT FOR PSR J0030+0451?
68%, 95% regions

X-PSI Credible regions from Riley et al. 2019

New astrophysics 
e.g. atmospheres/beaming (Salmi et al. submitted)

J0030 is more sensitive to atmosphere choices

Simulations of parameter recovery 
for complex patterns

(Vinciguerra et al. submitted)

Background limits, reprocessed data
(Vinciguerra et al. in prep)

It’s complicated!

New data also coming



WHAT’S NEXT FOR NICER?

68%, 95% regions

PSR J0437-4715
Next release!

Choudhury et al. in prep

+ 4 additional sources
(including two more with known masses)

Additional cross-tests and simulations



Chinese-European project
Zhang et al. 2019

New telescopes are being proposed –
larger area, wider X–ray band than NICER

LARGE AREA X-RAY SPECTRAL-TIMING

NASA probe-class proposal
Ray et al. 2019, @strobexastro

Analysis pipelines being developed and tested using 
simulated and real (NICER/RXTE) data

eXTP





STROBE-X/EXTP PROSPECTS

Three different classes of neutron star: rotation-powered millisecond pulsars 
(more with mass priors), accretion-powered pulsars, thermonuclear burst 

oscillation sources.

Initial survey at +/-5%, run cross-checks to address any systematics.
Deep observations to hit +/-2% for most promising sources.

95% credible regions shown


