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Origin
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Characteristics
● Compact
● Dense
● The most relativistic material objects in 

the Universe
● Laboratory for extreme physics allowing 

studies of dense matter equation of state 
(EOS)
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Laboratories of extreme physics
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Source: Watts et al.
arxiv: 1507.00042



How to link microscopic to macroscopic properties of 
neutron stars?

Tolman-Oppenheimer-Volkoff equation:
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Dense matter to neutron star properties
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Source: Z.-Y. Zhu et al. 
(2018)



NICER : Neutron-star Interior Composition ExploreR
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Source: NASA

X-ray timing and spectroscopy 
instrument focusing on 
rotation-powered millisecond 
pulsars.

Masses and radii are computed via 
pulse-profile modeling.

Pulse-profile modeling is a 
technique that probes general 
relativistic effects on thermal 
emission from hot regions on the 
stellar surface.



NICER : from pulses to M(R)
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Multi-messenger: EM (NICER) + GW 
(LIGO-Virgo)
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Project aim
What? 

Search for the phase transition presence using neutron star observables such as 
masses and radii.

How?

Use anomaly detection approach based on normalizing flows algorithm to train 
the model against data without phase transition and test it against the data that 
contains it.
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Normalizing flows

Source: Lilian Weng tutorial on
normalizing flows



Concept
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Normalizing flows M(R) Latent 
representation

Phase 
transition

No phase 
transition



Data
Training:

Low-density part of EOS is adopted from existing astrophysical model (Sly4) up 
to particular baryon density n0. This part is combined with piecewise relativistic 
polytrope:

13

Testing:

Polytropes including phase transition as well as astrophysical model 
(Drago et al. 2014)



Relativistic polytrope
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Types of EOS

No phase transition Phase transition



Neutron star mass distribution
Mass range restricted to the 
astrophysically-realistic range: [1, 2,2] M

☉
.

It corresponds to the observed NS masses.
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Results - latent representation

Without measurement 
uncertainties

U(R) = (-1, 1) km

U(M) = (-0.1, 0.1) M
☉



Results - Euclidean distance

Without measurement 
uncertainties

U(R) = (-1, 1) km

U(M) = (-0.1, 0.1) M
☉



Results - ROC



Results - AUC of ROC



Results - detection efficiency for FPR=1%



Summary
➢ We provided overview of anomaly detection based searches of phase 

transition using masses and radii observations

➢ Efficiency of methods mostly depends on the measurement uncertainties; it 
can be improved by increasing number of observations

➢ Extreme cases of EOS (like EOS1 - Drago et al. model) are easily detected 
regardless of measurement uncertainties or number of observations

22


