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Werner	Israel	and	U	of	A	students	
and	postdocs,	c	1991-93
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From	left	to	right:	Alick Macpherson,	Sharon	Morsink,	Alex	Lyons,	Werner	Israel,	
Des	McManus,	Roberto	Camporesi (?),	Patrick	Brady,	Eric	Poisson

Photographer	and	details	unknown
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Werner	Israel’s	Interest	in	Neutron	Stars

Werner Israel Memorial Symposium

Werner’s 
annotations 
on a paper 
that he 
found 
interesting!

Do vortex filaments in a superfluid neutron star produce gravimagnetic forces? Balasin & Israel, CQG 1999

Covariant fluid dynamics, nonequilibrium thermodynamics, kinetic theory, superfluidity – many papers!
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The neutron star interior
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Possible	Phase	Diagram	for	Dense	Matter	



Equations	of	State	vs	Mass-Radius	Curves
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What	do	we	measure???
• We	talk	about	“measuring”	mass	and	radius	to	
constrain	the	EOS

• But	what	do	we	mean	by	a	measurement?
• We	don’t	really	measure	mass	or	radius	–
Instead	we	measure	other	quantities	and	use	a	
physical	model	that	depends	on	M	and/or	R	

• Models	range	from	simple	(just	gravity)	to	
complicated	(atmosphere	models;	stellar	
astrophysics;	transport	properties;	dynamical	
gravity;	etc…)
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Types	of	Neutron	Star	Observations	
(Past,	Present,	Future)

NASA/Dana	Berry,	Sky	Works	Digital	

NASA/CXC/M.Weiss

Morsink

NASA Goddard

NASAHubble

Supernovae NS	Mergers

NS	Binaries

NS	BumpsNS	Surface	Area

NS	Grav.	Field

X-ray	Timing
Radio	Timing

Neutrinos
Grav.	Radiation

X-ray	Spectra

Optical,	UV,	X-ray,	gamma
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MASS	MEASUREMENTS
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The	neutron	star	mass-radius	relation

Credit:	N.	Wex

PSR	J0740+6620

PSR	J0437-4715
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RADIUS	MEASUREMENTS
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Hubble’s	Best	NS	Photo
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Direct geometrical measurement:
D = θd not possible!
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FINITE	SIZE	EFFECTS	IN	BINARIES
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NS	Finite	Size	Effects	in	NS-NS	
Inspiral (GW	measurements)

• NS	is	not	a	point	particle!
• Orbital	energy	during	binary	
inspiral is	``wasted”	in	tidal	
deformations	or	exciting	
oscillation	modes

• Compare	GW	phase	evolution	
with	point	particle	predictions	to	
find	the	NS	finite	size

• Leads	to	limits	on	Tidal	
Deformability,	Λ
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Love	Number	related	to	NS	Radius
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LIGO observations “prefer” smaller NS radii!
Abbott+ PRL 2017, 2018



PULSE	PROFILE	MODELLING
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Pulse	Profile	Modelling

• Hot	spots	on	rotating	neutron	star
• X-rays	feel	the	NSs	gravitational	field	while	
travelling	from	star	to	telescope

• Gravitational	Potential	∼M/R	causes	light	to	
travel	on	curved	path

• Doppler	Boosting	∼ Ω R/c	adds	timing	
asymmetry	and	harmonics
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• Ė	≈	1033–34 erg/s,	LX ≈	1030–31 erg/s
• Soft,	thermal	X-ray	emission	from	hot	spots
• Non-magnetic	(0	G,	effectively	B	<	1010 G)	
hydrogen	or	helium	atmosphere

• Non-transient	(always	“on”)	and	non-variable

• Radio	and	X-ray	pulsations
• Radio	beam	(far	from	star)	produces	electron-

positron	``return	currents”	that	heat	the	star’s	
surface	creating	hot	spots

Rotation-Powered	Millisecond	Period	Pulsars



Model	Geometry	and	Relativistic	Effects

• Spot	co-latitudes θc1		, θc2,	…
• Relative	phase	of	the	spots
• Spot	angular	radii	ρ1,2	
• Observer	inclination	ζ
• Relation	between	ψ	and	α	depends	on	M/R

§ Rotating	star with	oblate	shape
§ Two	or	more	X-ray	emitting	"hot-spots"
§ Relativistic	effects:
§ Light	bending	in	a	Schwarzschild	

geometry
§ Gravitational	redshift
§ Doppler	shifts
§ Relativistic	aberration
§ Propagation	time	differences

(Miller	&	Lamb	1998;	Beloborodov 2002;	Poutanen &	
Gierlinski 2003;	Poutanen &	Beloborodov 2006;	
Morsink et	al.	2007;	Lo	et	al.	2013;	Miller	&	Lamb	
2015;	Bogdanov;	Ozel &	Psaltis et	al.	;	Strohmayer &	
Mahmoodifar;	Watts	et	al.	,	…	)



Dependence	of	Pulse	Profiles	on	M/R

Werner Israel Memorial Symposium
Newtonian Gravity General Relativity M/R = 0.25

M/R	=	“compactness” affects	light-bending	
Larger	M/R	→	less	modulation
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Effect	of	Observer’s	Viewing	Angle

90	deg from	Spin	Axis30	deg from	Spin	Axis
Werner Israel Memorial SymposiumMay 19, 2023, Victoria BC



Effect	of	Rotational	Speed	∝ R	sini sinθ

v/c	=	0.01	 v/c	=	0.2		(harmonics)
Werner Israel Memorial SymposiumMay 19, 2023, Victoria BC



Metric	for	axisymmetric	and	
stationary	star

• Metric	functions	g, r, a, w are	functions	of	r	and	q

• Metric	computed	numerically	on	2D	grid	using	Green	
function	method	(rns code	by	Nikolaos Stergioulas,	based
on	code	by	Greg	Cook	and	method	by	Komatsu,	Eriguchi
and	Hachisu,	1989)

• Raytracing	on	numerical	background	to	construct	pulse	
shapes	to	compare	with	approximations	based	on	
Schwarzschild	and	Kerr	metrics.	(Cadeau,	Morsink,	Leahy,	&	
Campbell	ApJ 2007)

• Test	of	Schwarzschild	+	Doppler	Approximation

Werner Israel Memorial SymposiumMay 19, 2023, Victoria BC



Spot at 15o from North Pole         Observer at 100o from North Pole

(Cadeau, Morsink, Leahy, & Campbell ApJ 2007)

Spherical surface

Oblate surface
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How	Oblate	is	a	Neutron	Star?

Werner Israel Memorial Symposium

Fraction	of	Breakup	Frequency:

P = 9.9 hrs P = 10.5 hrs P = 3 ms P = 1.5 ms

= 0.3                               = 0.4                                                 = 0.2                  = 0.4
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v/c = 0.085                          v/c = 0.17

Neutron	Stars	with	M=1.4	Msun,	R=12	km
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Stellar	Oblateness

Morsink,	Leahy,	Cadeau &	Braga	2007	ApJ

Werner Israel Memorial Symposium

θ
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Digression	on	Black	Hole	“No	Hair”

• Black	holes	are	very	simple!
• Describe	a	rotating	BH	with	2	
parameters:	M,	a

• Event	Horizon	radius	given	by:	
REH	=	2M	+	M[(1-(a/M)2)1/2 -1]

• Gravitational	field	outside	of	BH:
Φ(r,θ)	=	- M/r	+	Φ2/r3 P2(cosθ)	+	…

Φ2	=	M	a2

• Properties	of	a	BH	are	
independent	of	the	properties	of	
the	stuff	that	formed	it.

Werner Israel
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Neutron	Stars	Have	“Hair”
• Given	a	mass	and	spin	(M	and	Ω)	different	EOS	predict	
different	Radii	(	R	)

• However,	given	M,	R,	Ω dimensionless	quantities:			x	=	
GM/Rc2		 y	=	Ω2	R3/GM

• Many	secondary	NS	properties	depend	only	on	x,	y.		
• Eg:	Moment	of	Inertia	(Ravenhall	&	Pethick,	1994)
• I	Love	Q	(Moment	of	Inertia,	Love	number,	Quadrupole	
moment)	relationships	(Yagi	&	Yunes 2013)

• “Neutron	Star	Universality”

Werner Israel Memorial SymposiumMay 19, 2023, Victoria BC



Stellar	Oblateness

Morsink,	Leahy,	Cadeau &	Braga	2007	ApJ

“Universal”	form	for	oblate	
shape:
R(θ)	=	Re – b	cos2θ		

b	=	b(M/Re,	Ω2Re3/GM)

No	new	parameters	required!

Motivation	for	the	Oblate	
Schwarzschild	Approximation

Werner Israel Memorial Symposium

θ
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X-ray	Timing	Telescopes
• RXTE	– Rossi	X-ray	Timing	Explorer	(1995-2012)	
X-ray	timing

• XMM	– great	energy	resolution,	+timing	mode
• AstroSAT – Indian	RXTE-like	mission
• NICER	– great	timing	AND	spectroscopy	–
designed	for	pulse	profile	observations!!!!

• Future:
– eXTP,	StrobeX =	RXTE	x	10	+	spectra	

+	polarization	(eXTP)!!!
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PI:	Keith	Gendreau Science	Lead:	Zaven Arzoumanian

The	Neutron Star	Interior	
Composition	Explorer
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Installed on the ISS in June 2017



NICER Target List for M-R Constraints
Spin Period 

(ms)
Distance (pc) Mass *

(M☉)
NICER Rate
(photons/ks)

PSR J0437−4715 5.76 156.79±0.25 1.44±0.07 1319

PSR J0030+0451 4.87 325±9 isolated 314

PSR J1231−1411 3.68 440 ? 210

PSR J2124−3358 4.93 410-70+90 isolated 100

PSR J0614−3329 3.10 ~ 550 ? 27

PSR J1614−2230 3.15 670-40+50 1.928±0.016 18

PSR J0740+6620 2.89 1140-150
+170 2.08±0.07 15

*	Masses	from	radio	timing	for	pulsars	in	a	binary.



NICER Target List for M-R Constraints
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(ms)
Distance (pc) Mass *

(M☉)
NICER Rate
(photons/ks)

PSR J0437−4715 5.76 156.79±0.25 1.44±0.07 1319

PSR J0030+0451 4.87 325±9 isolated 314

PSR J1231−1411 3.68 440 ? 210

PSR J2124−3358 4.93 410-70+90 isolated 100

PSR J0614−3329 3.10 ~ 550 ? 27

PSR J1614−2230 3.15 670-40+50 1.928±0.016 18

PSR J0740+6620 2.89 1140-150
+170 2.08±0.07 15

*	Masses	from	radio	timing	for	pulsars	in	a	binary.

ApJL 2019, inferred mass near 1.4 Msun, 1.9 Msec exposure in 2019 

ApJL 2021, high mass, denser interior important for supra-nuclear physics!

Expect results later in 2023! Best statistics on this one!

Fermi LAT gamma ray pulsar, X-ray pulsations 1st detected by NICER!



J0030	Lightcurve (2019	dataset)

Werner Israel Memorial Symposium

Bogdanov+, ApJL 2019

0.3 keV

3.0 keV
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First	Results	on	J0030
• No	independent	radio	mass	measurement
• Two	independent	analyses	(crescents	or	ovals)	Riley+	
(ApJL 2019)	and	Miller+	(ApJL 2019)	

M	=	1.34ST.UVWT.UX Msun R	=	12.71SU.U[	WU.U\ km			(Riley+)
M	=	1.44ST.U\WT.UX Msun R	=	13.02SU.TV	WU.^\ km		(Miller+)

• Similar	observer	inclinations,	and	spot	locations
• Differences	in	M,	R	values	show	systematics	in	
modelling	choices

• Updated	values	(more	observing	time,	improved	
background)	expected	later	in	2023

• Error	regions	will	shrink	with	better	statistics!



Inferred	Spot	Geometries

Werner Israel Memorial Symposium

observer

Riley+2019																						Miller+2019

• Non-dipole	magnetic	field
• Example:	Offset	dipole	+	quadrupole
• Kalapotharakos,	Wadiasingh,	Harding,	

&	Kazanas ApJ (2021)

Kalapotharakos +	2021
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PSR	J0740	Lightcurve
Known	High	Mass	=	2.08+- 0.07	Msun

Werner Israel Memorial Symposium
Wolff+ ApJL 2021

2.0 keV

0.3 keV

X-ray	pulsations	
detected	at	15	𝞼
significance!	
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First	Results	on	J0740

• Mass	measurement	from	NANOGrav +	CHIME:
M	=	2.08±0.07	M⦿ (Shapiro	Delay,	Fonseca+2021)

• Inclination	close	to	90	degrees	(from	radio	obs)
• 2	Circular	spots,	closer	to	dipole	than	J0030	
• Papers:	Riley+	2021,	Miller+	2021,	Salmi+	2022
Good	agreement	on	1	sigma	lower	limits	(Salmi+2022)
R1𝞼=	11.93	km	(Amsterdam);	
R1𝞼=	11.98	km	(Illinois-Maryland)

Werner Israel Memorial SymposiumMay 19, 2023, Victoria BC



Next:	J0437
• Closest	pulsar!	Great	statistics!
• Precisely	known	value	of	mass	and	observer’s	
viewing	angle	from	radio	observations

• Complication	of	contamination	from	
background	AGN	in	same	field	of	view

• Results	from	J0437	and	other	pulsars	in	2023/24



Cartoon	of	NICER	1-sigma	constraints

Credit:	N.	Wex

PSR	J0740+6620

PSR	J0437-4715

J0740

1	sigma Werner Israel Memorial SymposiumMay 19, 2023, Victoria BC



NICER	Results	on	Core	Science
• First	precise	measurement	of	mass	through	pulse-profile	

modelling	(J0030)
• Radius	inferred	for	2	pulsars	(J0030,	J0740)	with	masses	that	

differ	by	0.5	Msun

• Later	this	year
– New	results	for	J0437	(with	precise	radio	prior	for	mass,	
inclination,	distance)

– Updated	mass	&	radius	results	for	J0030	&	J0740	with	
improved	precision

Werner Israel Memorial Symposium
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Summary

• We	are	in	the	golden	era	of	NS	observations!
• Amazing	instruments	today:	
LIGO/VIRGO/KAGRA,	NICER,	XMM,	Chandra

• Bigger	and	better	instruments	planned	for	
future	both	for	Gravitational	Radiation,	and	
EM	observations!

• Multiple	methods	for	determining	radius	
coming	together	with	consistent	values!
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