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Distances of NSs

Velocities of isolated radio pulsars

Velocities of NSs born in binaries 

OUTLINE
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Estimate of NS velocity

Estimate of NS X-ray, gamma or radio luminosity

Density of interstellar medium 

Magnetic field of interstellar medium 

DISTANCES ARE ESSENTIAL TO UNDERSTAND 
NS PHYSICS AND MILKY WAY 
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Estimate of age

Estimate of fraction of NS in globular clusters

Double NS merger rate

Physics of supernova explosion: electron capture, symmetric

VELOCITIES ARE ESSENTIAL TO LEARN ABOUT 
THE SUPERNOVA AND NS PHYSICS
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Parallax - VLBI only: typical distances < 1 kpc

Pulsar timing

Dispersion measure and a model of the electron density in the Galaxy

Upper limit from absorption lines of neutral hydrogen 

X-ray flares

Spectral fitting of binary companion 

HOW DO WE MEASURE 
DISTANCES?



Works only for some neutron stars
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Parallax - VLBI only: typical distances < 1 kpc

Pulsar timing

Dispersion measure and a model of the electron density in the Galaxy

Upper limit from absorption lines of neutral hydrogen 

X-ray flares

Spectral fitting of binary companion 

HOW DO WE MEASURE 
DISTANCES?



Error in positionGood solution

Error in 
frequency derivative

Error in 
proper motion

Lorimer & Kramer (2005)
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In this technique, the time of 
arrival of individual pulses on long 
timespan (~10 years) is studied.

To predict the time of arrival we 
need to know the solar system 
ephemeris, source stellar 
coordinates, its magnetic field and 
its motion. 

PULSAR TIMING



Cordon & Ramson (2015) Essential radio astronomy
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Dispersion measure is the delay
between arrival of the radio
pulse at different frequencies
caused by the dependence of
the refractive index of cold
interstellar plasma

DISPERSION MEASURE (DM) USING 
THE ELECTRON DENSITY MODEL



NE2001: Cordes & Lazio (2001) arXiv:0207156

Free electron density
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Constant development, the first 
suggestions immediately after the first 
pulsar discovery: Hewish et al. (1968) 

The most cited: Taylor & Cordes 
(1993) - the main advantage is 
simplicity. No parallax data were used 
to construct it.

Combination of local effects (the Gum 
nebula) and global matter distribution 
in the Galaxy.

NE2001 includes a lot of structure. 

MODEL OF ELECTRON DENSITY 
FOR MILKY WAY



Yao, Manchester and Wang (2017) 11

Recent development: Schnitzeler 
(2012) - a fit of Taylor & Cordes 
(1993) model to modern data.

Yao, Manchester & Wang (2017) 
- YMW model. The model is 
written in C++.

http://119.78.162.254/dmodel/ind
ex.php

NEW MODELS OF ELECTRON 
DENSITY FOR MILKY WAY

http://119.78.162.254/dmodel/index.php


Arzoumanian et al. (2018) 12

It is challenging to introduce a 
reliable error distribution. 
Starting from TC93 people cite 
20% error bars on distance 
derived from models.

Comparison of new parallax 
measurements with the distances 
estimated from DM gives up to 
2.5 times difference.

QUALITY OF ELECTRON 
DENSITY MODELS



Deller et al. (2019) 13

Difference could be 5 times 
between the distance estimated 
by parallax and by using YMW16 
model.

QUALITY OF ELECTRON 
DENSITY MODELS



Igoshev, Verbunt & Cator (2016)
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Distance is not measured when 
the parallax is measured.

The error in parallax appears 
because of the instrument 
limitations.

Errors of distance are 
combinations of the 
instrumental limitations and 
internal distribution of objects.

Need Bayesian technique

LET SUGGEST THAT WE KNOW 
PARALLAX, WHAT ARE ERRORS?



Igoshev, Verbunt & Cator (2016)
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Estimate of the probability 
distribution for derived quantity 
always requires prior.

Use bound prior with exponential 
cut-off: Bailer-Jones (2017) 
“Practical Bayesian inference”.

In a case of pulsars, we can use 
the distribution of pulsars in the 
Galaxy. It depends on direction.

HOW TO ESTIMATE THE DISTANCE 
UNCERTAINTY PROPERLY?
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We can measure velocity (radial) only for a NS in a binary 
observing the secondary star and fitting its spectrum.

All other techniques provide proper motion.

Proper motion is two out of three velocity components.

To get velocity, the proper motion must be combined with 
distance.

HOW DO WE MEASURE NS 
VELOCITY?



Chatterje et al. 2006
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The guitar nebular.

SOME NEUTRON STARS ARE 
VERY FAST



Prager et al. (2017)
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Radio pulsars in Terzan 5.

SOME RADIO PULSARS ARE 
EXTREMELY SLOW



25Hobbs et al. (2005)

Known velocity distribution fails to account for both high and low-velocity 
objects.

THE KNOWN VELOCITY 
DISTRIBUTION LACKS BOTH
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We use only recent (after 2000) VLBI measurements of parallax 
and proper motion.

We correct for the Local Standard of Rest (LSR) assuming that 
young pulsars (age < 10 Myr) didn’t move far away from their 
birth location.

We study the velocity distribution above the LSR.

OUR APPROACH TO PULSAR 
VELOCITIES



G - gaussian

Parallax

Proper motion in RA

Proper motion in DEC

EQUATION FOR LIKELIHOOD



Verbunt, Igoshev & Cator (2017)
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We introduce a likelihood, which is 
a function of model parameters. 

The total likelihood is a product of 
likelihoods for individual pulsars 
(conditional probability of getting a 
measurement if the model is 
given).

To find a parameter which 
describes sample the best we 
optimise the likelihood. 

COMPLETE ANALYSIS: MAXIMUM 
LIKELIHOOD TECHNIQUE



Verbunt, Igoshev & Cator (2017)
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It is bimodal, one peak at 75 km/s 
and the second peak is at 316 
km/s.

If we exclude any pulsar from 
consideration, it does not change. 

3%-5% of pulsars have velocities 
at birth less than 60 km/s (retain 
in globular clusters).

RESULTS OF ANALYSIS
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Hobbs et al. (2006) used the distances estimated through the NE2001 electron 
density model (errors up to 3 times of the distance value). Significant errors in 
distance lead to overestimating of velocities.

Hobbs et al. (2006) didn’t take into account the observational uncertainties.

Hobbs et al. sample is much larger (hundreds of objects), but the errors for proper 
motion are two orders of magnitude larger. 

The error is usually inversely proportional to square root of sample size. So, the 
consideration of small sample of the best measurements available still provides a 
better estimate for velocity distribution. 

WHY IS IT SO DIFFERENT FROM 
HOBBS ET AL. (2006)?



Igoshev (2020)

Deller et al. (2019) published a much larger sample of VLBI 
measurements for parallaxes and proper motions of radio 
pulsars. 

NEW CATALOGUE: COMPLETE 
PSR𝜋



To estimate the uncertainty for a derived quantity, the Bayesian 
framework must be used.  Any explicit prior is better than an implicit 
one.

In the case of low-quality parallax measurements, a realistic galactic prior 
must be used to estimate the physical properties related to the distance 
correctly.

The velocity distribution of isolated radio pulsars is bimodal with 𝜎 = 56 
km/s and 𝜎 = 336 km/s, and the first component contains 20% of 
objects.  A fraction of neutron stars retained in globular clusters is in 
range 5±3%

CONCLUSION



Natal kick of NS based on 
simulations and observations of 
Be X-ray binaries



B star

decretion disk - source of emission lines

Neutron star on elliptical, inclined orbit
Be X-ray source



B star

decretion disk - source of emission lines

Neutron star on elliptical, inclined orbit

X-ray

Be X-ray source



B star

decretion disk - source of emission lines

Neutron star on elliptical, inclined orbit

X-ray

Essential selection effects:
• In too wide systems the NS does not enter the decretion disk: 

no X-ray emission
• Eccentricities are hard to measure
• In SMC, there is a strong observational bias against detecting 

wide systems (period longer than 500 s) and measuring their 
orbital periods

• In widest systems, the NS might avoid the decretion disk, so 
never seen in X-ray.

Be X-ray source



Motivation
All normal radio pulsars with measured 
parallaxes and proper motions are 
isolated.
Most of normal radio pulsars (>94%) are 
isolated as well (Antoniadis 2020a,b) 
If assume that all NS are born initially in 
binaries, ones with weak natal kick are 
much more probable to stay bound than 
ones with e.g. Hobbs natal kick.

Injected natal kick 
distribution

Restored natal 
kick distribution

When we look at a binary with 
NS it is up to 10-20 times more 
probable that this NS received 
weak natal kick.



Be X

Isolated 
radio pulsar

Formation path



Dynamically unstable mass transfer 
(CE) - probably not enough angular 
momentum is transferred to B star, so 
decression disk is never formed, NS 
has nothing to accrete.

Isolated stellar evolution - two stars 
never transfer any mass. B star 
cannot gain angular momentum, so 
decression disk is never formed, NS 
has nothing to accrete.

Other formation paths



Mixed channel - multiple mass 
transfers, some stable and some 
dynamically unstable. The outcome is 
unclear. This is a rare channel.

Is it Be X?

Other formation paths



Exploratory models



Model A: Hobbs (2006) natal kick, non-conservative mass transfer, SMC 
metallicity and star formation history. Black hexagonsare locations of observed 

Be X-ray binaries in SMC by Coe & Kirk (2015)

Binary properties of each channel



Model C: Igoshev (2020) natal kick, non-conservative mass transfer, SMC 
metallicity and star formation history

Binary properties of each channel



Model D: Igoshev (2020) natal kick, semi-conservative mass transfer, SMC 
metallicity and star formation history

Binary properties of each channel



Model D: Igoshev (2020) natal kick, semi-conservative mass transfer, SMC 
metallicity and star formation history

Correlation between e and PBinary properties of each channel



Model H: Hobbs (2006) natal kick, semi-conservative mass transfer, SMC 
metallicity and star formation history, ecSN

Binary properties of each channel



Identified more than 40 HMXBs in data 
of Gaia EDR3 with precise enough 
measurements of parallax and proper 
motion. All of these are located in the 
Milky Way.

Be X-ray binaries of Milky Way and Gaia EDR3



Simulations: model D

Comparison of simulated peculiar velocities with observations 



• Model D fits well all available observational constrains:

• (1) a peak of Be masses is located around 11~M$_\odot$, 

• (2) it produces ~130 Be X-ray binaries in SMC (compatible with estimates of 120 
HMXBs), 

• (3) Be X-ray binaries with measured periods and eccentricities coincide with maximum 
density of simulated systems

• (4) it produces natal kick for isolated radio pulsars mostly compatible with Igoshev 
(2020)

• (5) systemic velocities of Galactic Be X-ray binaries follow quite closely the simulations

Model D



Combined analysis



Simulations: binned likelihood



Combined analysis



Isolated pulsar likelihood profiles Be X-ray likelihood profiles

Combined analysis



Isolated pulsar likelihood profiles Be X-ray likelihood profiles

Combined analysis



Isolated pulsar likelihood profiles Be X-ray likelihood profiles

Combined analysis



Electron capture supernova explosions



Electron capture supernova explosions



Electron capture supernova explosions



Model D successfully satisfies multiple observational constraints based on 
observations of Galactic isolated radio pulsars and Be X-ray binaries as 

well as Be X-ray binaries in SMC.

It is possible to slightly improve this result by using w=0.2 and 𝜎! = 45
km/s

ecSN does not give correct predictions for velocity distribution of isolated 
radio pulsars 

Conclusions



Thank you for your attention!


