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All pulsars are neutron stars, but
not all neutron stars are pulsars!




Neutron stars are the remnants of
the core-collapse of massive stars.
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Neutron stars are amazing laboratories

for extreme physics.
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Besides the top ~ 1km, the properties of

heutron star interiors are mostly unknown.
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The dense matter equation of state is a key
question of fundamental physics and astrophysics
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Dense nuclear matter is described
by an equation of state P(p).

Equation of state

Mass-radius
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To determine the equation of state P(p),
one needs to measure Mns and/or Rns.
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Radio timing of pulsars in binary
systems permits measurements
of orbital parameters.

Best Mns measurement
Double-NS system PSR B1913+16
? Mpsr = 1.4414 + 0.0002 Mo
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Neutron star masses cover a wide
range from about 1.2 to 2.0 M..

Mass distribution of neutron stars in binary pulsar systems
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Many complementary methods to measure Mns
and Rns, exist, with varying degrees of success.
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Measuring the radius with
precision is much more difficult.

To measure the radius, we need to: .,

+ observe the surface thermal emission,
+ correctly model this emission,
+ know the distance independently.

Luminosity
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Because of gravitational redshift, the
radius is degenerate with the mass.

X-ray

Photon flux
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To measure Mns and Rns,
choose your players carefully!
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X-ray emitting millisecond [z -10:_10°G
pulsars can be trusted! Pepin ~ 2 — 5 msec

Old fast rotating neutron stars
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The hot X-ray emission of millisecond
pulsar comes from e-/p+ bombardment
of the surface heating the polar caps.

.g.‘ £33 T T - - 2. o8

Credits: ESO



Brightness

Credits: S. Morsink




Strong gravity permits seeing beyond
the hemisphere of the neutron star.

Pulse profile modelling to determine the compactness Mns/Rns




The Doppler effect break the
degeneracy between Mns and Rns.

Approaching spot
is blue shifted

Receding spot
is red shifted

Flux
Flux

The effect depends on the line of sight velocity,
i.e., spin frequency and distance from rotation axis
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NICER has given us beautiful
Bogdana, SG etal. s 100300451 data sets to perform pulse
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In addition to inferring the radii,
we also map the surface emission.

PSR ]0030+0451 PSR ]0740+6620
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The results for the first two pulsars were
consistent with other measurements.
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Updates to those results were published recently.
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The newest radius constraints are the best
so far...Again with a complex geometry.

PSR 10437—471 5 Observer’s
Radius: 11.36f8:2§ km WAEY

Choudhury et al. (2024)
Req [km]
Clegs, = 11.361023 ~ 7%

uncertainty
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These three measurements together.
Why do they have different shapes ?

Latest update in
Salmi et al. 2024

Latest update in
Vinciguerra et al. 2024
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New results for another
pulsar PSR J1231-1411




We can how constrain

(parametrised) model of the

equation of state models.
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Several NICER data sets are yet to be analysed
to extract Mns and Rns. More results are

coming...
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What can we expect in the future with pulse
profile modelling ?

eXTP

l + + Hard X-ra
Instrument

+ Modest imaging capabilities (60” PSF)

X-ray
Concentrator

+ ~ 4-5 X more sensitive than NICER

+ + Hard X-ray instrument




What can we expect in the future with pulse

profile modelling ?
A =
A .. arnenas (B8
Ll S8 HEN " 3IFU

+ Sensitivity: about x5 NICER
+ Time resolution:

+ 10 usec (X-IFU)

+ ~100 psec (WFI)
+ Low-background: ~ 0.001 c/s

Eff. Area (cm~™2)
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Future prospects for pulse profile modelling
with nhew-Athena are quite promising.

Simulations of PSR J0740+6620 with Pspin = 2.88 msec and d=1.2 kpc

R~11.5 km, M=2.08 M, with 2 circular hot spots
Simulation of 500 ksec observations
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Inference on the radius of
PSR J0740+6620 from 500 ks
with New-Athena WFI
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+ Radius 1-sigma uncertainties

+ NICER 1600 ksec: ~10%
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For some MSPs, the rest of the surface, although
much colder than the hot spots, can be detected
in the soft X-ray and the far UV.
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Figure adapted from Durant et al. (2012)



Using Far UV observations for PSR J0437-4715,
we obtain independent constraints on the radius.
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Conclusions

Pulse profile modelling is a demonstrated technique to measure M and R.

NICER results for 3 pulsars are published; 1 is submitted; more are coming...

We now know that characterising the background is key.

Complementary methods exists to measure M and R.

NewATHENA measurement will bring constraints on M and R to another level.

Currently

Mass (Mg)

175 4

1.25 1

In the future

PSR J0740+6620
(Riley+2021)

PSR J0437-4715
(This work)
PSR J0437-4715
(Choudhury+2024)
PSR J0030+0451
(Riley+2019)

6 8 10 12 14 16
Radius (km)

.....

8 10 12
Radius (km)

16




,‘%Pf'-?ﬁ

RS S

i
e




