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The theory challenge

 The identification of the Equation of State (EoS) of neutron star matter is
one of the “holy grails” of astrophysics and nuclear physics.

« What matters for the stellar structure equations is the EoS fluid relation
p = p(p) which leads to a stellar mass M and radius R. A given NS has a
specific central density; this fixes its position along the M-R curve.
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Constraining the M and R of neutron stars

Most observations probe M, R rather than the composition of matter.

Orbital dynamics

Pulsar(s) in a binary system GW signal from merging NS

Information about maximum M, most

Information about M and R
interesting for EoS when M > 2M

via orbital motion and tidal
deformation (Love number)



Constraining the M and R of neutron stars

Surface emission

Thermonuclear X-ray bursts X-ray emission from “hotspots”
in accreting NS of isolated NS

Information about compactness M/R Information about M, R and magnetic
field geometry



NICER factsheet

» The Neutron star Interior Composition Explorer
instrument was launched in 2017 (NASA) and
installed onboard the ISS.

« Measures energy and time of arrival of photons in
the ~ 0.1-10 keV band (soft X-rays).

« Main target: emission from NS surface hotspots.
These are kept warm by the current of relativistic
particles produced in the magnetosphere and end up Image credit: NASA
at the magnetic poles. The energy reservoir is the

stellar rotational energy.
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Pulse profile modelling (I)

» The key physical input are the bulk properties of the NS: M, R, and the spin f
as a secondary parameter.

« Ray-tracing calculation: assuming a number of hotspots (with given shape)
compute the trajectories of photons from the stellar surface to a distant
observation point. Use results to reconstruct the time profile of the emitted
radiation.

» The stellar M and R enter through the surface/spacetime geometry.

Image credit: Morsink/Moir/Arzoumanian/NASA



Pulse profile modelling (II)

Example: dependence on f and M/R for a simple single hotspot model.
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“Prior” EoS models

« These models are used in NICER’s data analysis; both of them represent
extrapolations from the (relatively well known) physics of a NS’s low-density
outer layers.

Piecewise polytropic model Speed of sound model

Read et al. (2009), Hebeler et al. (2013) based on Bedaque & Steiner (2015)
see also Tews et al. (2018)
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Targeting pulsars with NICER

Two systems studied so far, observed across the EM spectrum
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PSR J0030+0451: M-R measurement

e Two independent analysis (with different emission geometry
assumptions) lead to:
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Miller et al. (2019) Riley et al. (2019)
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PSR JO030+0451: hotspot geometry

Surprising result: the magnetic poles/hotspots do
correspond to a multipolar field rather than the

expected dipolar geometry!

Two & three spots models ( best fit )

© @ Miller et al. (2019)



PSR J0030+0451: constraints on p(p)

w
.CJ!
ot

logyo(P) (dyn/em?)

35.5}

35.0|

PP model

CS model

ST+PST

.

ST+PST

o
.
=]

Dy, (bits)
=

0.00

146

log(¢) (g/cm®)

148

15.0

Raaijmakers et al. (2019)



PSR J0O740+6620: M-R measurement (I)

e JO740’s mass can be estimated independently from orbital dynamics
(Shapiro time delay of radio pulsar signal). This greatly helps the

determination of the radius R.

e JO740 tips the scale as the heaviest known NS with a reliably measured M.

e The following results make use of combined NICER and XMM-Newton data

(as JO740 is very faint in X-rays).
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NICER data vs M-R curves
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« Heavier systems lead to better EoS constraints Image credit: Norbert Wax

« Data favours stiff EoS (i.e. relatively large R). This rules out several
“SQM” EoS.



Convergence of M-R constraints
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Implications for the EoS
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One or two EoS?

« Recent work has suggested the possibility of multi-branched EoS, based on
the idea of a phase transition to quark matter in the inner core.

e This could give rise to “twin stars” of the same M but different R.

A two-branch EoS has been put forward as a model for the putative massive
NS ( 2.5 — 2.67 My ) associated with the GW190814 signal.
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Twin stars and NICER

» Other models predict the transition to a smaller radius/mass quark phase
branch. Future NICER observations may help check this prediction.
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Mass (solar)

“Matter-gravity” degeneracy

Demorest et al. (2010)
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Main conclusions

e Main result: we now know the radius of slowly rotating neutron stars across
a wide mass range to a ~ 5 % (10) precision!

e The radius of the canonical mass|1.4M - NSis 11.8 - 13.1 km.

e Convergence of different EoS models above nuclear saturation density.

e The future: more NICER pulsars, GW observations of NS oscillation
modes, next generation X-ray missions.



