
  

Lecture 19, the structure of neutron stars

taken from J. Lattimer, 
AIP Conf.Proc. 1645 (2015) 1, 61-78
with commentary

summary of neutron star properties

70 MeV

numbers to remember: 
there are approximately 100 million neutron stars  and 

approximately 360 billion stars in the milky way
approximately 2000 have been identified 

actually, we measure T > 150 MeV in relativistic nuclear collisions
on earth (at RHIC and CERN)



  
Credit: NASA's Goddard Space Flight Center

computer simulation of a spinning neutron star, with
electric and magnetic field lines



  

Historical comments on 'neutron stars'
taken from J. Lattimer, 
AIP Conf.Proc. 1645 (2015) 1, 61-78
with commentary

in the 1920 'Bakerian lecture of the Royal Society

L.D. Landau, Phys. Z. Sowietunion 1 (1932) 285 

actually, Jocelyn Bell, grad. student of A. Hewish, makes the discovery
mostly on her own



  

references for historical comments



  

mass and radius of a neutron star

determined via solution of Tolman-Oppenheimer-Volkoff equations, see Lect.
18, by specifying the equation of state P = P(T,ρ,Ye)

this set of differential equations can, for practical cases, only be
solved numerically
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fig. from J. Lattimer,

modern version of mass-radius relationship 
of neutron stars

these curves imply that neutron star radii will be somewhere between 8 and
14 km, but how can one make precision measurements of mass and radius?



  

mass measurements via Shapiro delay 
in binary systems

P. Demorest et al.,     Nature 467 (2010) 1081-1083

'The Shapiro delay is an increase in light travel time through the curved
space-time near a massive body. In binary pulsar systems that have

highly inclined (nearly edge-on) orbits, excess delay in the pulse arrival
times can be observed when the pulsar is situated nearly behind the

companion dur-ing orbital conjunction. As described by general relativity,
the two physical parameters that characterize the Shapiro delay are the

companion mass and inclination angle. In combination with the observed
Keplerian mass function, the Shapiro delay off ers one of the most

precise methods to directly infer the mass of the NS.'



  

animated picture for Shapiro delay courtesy Wikimedia Commons,
Author:Yukterez (Simon Tyran, Vienna)



  

Shapiro delay measured for the Venus-Sun-Earth system

figures taken from: M. Poessel, arXiv:2001.00229. This paper also contains a
pedagogical derivation of the above delay formula.



  

Shapiro delay measurements for pulsar

Nature 467 (2010) 1081-1083



  

geometry for a binary system containing a pulsar

In the Deforest case, the inclination angle i = 89.17  ± 0.02 deg. so
luckily the Shapiro delay is maximal

from the 8.7 day orbital period of the binary (obtained via Doppler shift
measurements of the pulsar frequency) and the mass of the companion star (a
while dwarf) obtained via Shapiro delay, the mass of the neutron star is obtained



  

results:

Demorest et al.

mns =  1.97 ± 0.04 m☉

mcompanion = 0.50 ± 0.006 m☉

orbital period of binary = 8.7 days

pulsar spin period = 3.15 ms

discovery of a 2 solar mass neutron star



  

two new mass measurements:  

1.    J. Antoniadis et al.,   Science 340 (2013) 6131

'We report the measurement of a 2.01±0.04 solar mass  pulsar in a 2.46-hr orbit with
a 0.172±0.003 solar mass white dwarf. The high pulsar mass and the compact orbit
make this system a sensitive laboratory of a previously untested strong-field gravity
regime. Thus far, the observed orbital decay agrees with GR, supporting its validity
even for the extreme conditions present in the system. The resulting constraints on
deviations support the use of GR-based templates for ground-based gravitational
wave detectors. Additionally, the system strengthens recent constraints on the
properties of dense matter and provides insight to binary stellar astrophysics and
pulsar recycling.'

Neutron star binaries and evidence for gravitational
radiation will be dealt with in Lect. 20
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2.  H.T. Cromartie et al.,     Nature Astron. 4 (2019) 1, 72-76
arXiv :1904.06759

 'By combining data from the North American Nanohertz Observatory for Gravitational
Waves (NANOGrav) 12.5-year data set with recent orbital-phase-specific
observations using the Green Bank Telescope, 
we have measured the mass of the MSP J0740+6620 to be 2:14±0:10 solar masses 
(68.3% credibility interval; 95.4% credibility interval is 2:14±0:20 solar masses).'



  

Experimental approach to measure neutron star
properties with NICER

key new idea: strong gravitational effects on the surface of
neutron stars lead to distortion of X-ray images that provide
new information on mass and radius of neutron stars



  

from: Anna Watts, arXiv:1904.07012



  copy from NICER home page

note: surface temperature of young neutron star: 600000 K or 60 eV
hot spots  can have many keV temperatures, X-ray emitters



  

Warped image of a neutron star due to light deflection in the strong
gravitational field

image credit wikipedia
CC BY-SA 2.0 de

more than 1/2 of the surface is visible

imaging features such as hot spots on
the surface gives information on radius
and mass of the neutron star



  



  

curvature of space depends on mass and radius of the object

hot spots are created through relativistic gravitational lensing
see also next slide 



  

hot spots on the surface of a rotating neutron star
Galin Gyulchev



  

mass and radius of a neutron star from NICER measurements

from Anna Watts: Constraining the neutron star equation of state using
Pulse Profile Modeling, arXiv:1904.07012

Anna Watts et al.:



  

pulse profile modeling



  

measurements of X-ray hot spots with NICER

results of 2 different analyses of 1st NICER data: Amsterdam team (left),
Maryland team (right)

pulsar J0030 



  

results:

Amsterdam analysis: mass of neutron star = 1.3 m☉

                                       radius of neutron star = 12.7 km

Maryland analysis: mass of neutron star = 1.4 m☉

                                     radius of neutron star = 13.1 km 

A NICER View of PSR J0030+0451: Millisecond Pulsar Parameter Estimation 

Riley, T.E. et al., 2019, ApJL 887 L21. 

A Nicer View of PSR J0030+0451: Implications for the Dense Matter Equation of State

Raaijmakers, G. et al., 2019, ApJL 887 L22.

https://iopscience.iop.org/article/10.3847/2041-8213/ab481c
https://iopscience.iop.org/article/10.3847/2041-8213/ab451a


  

schematic structure of the interior of neutron stars

figure from wikipedia, CC BY-SA 3.0



  

structure in the outer crust: nuclear pasta shapes

figure taken from: C. Horowitz, M. Perez-Garcia, D.
Berry and J. Piekarewicz,
`Dynamical response of the nuclear 'pasta' in neutron
star crusts,'
Phys. Rev. C 72 (2005), 035801
arXiv:nucl-th/0508044 [nucl-th].
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