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Plan

1) The formation of neutron stars
2) Properties of neutron stars
3) Neutron star interiors

4) Neutron star equation of state

o) Determining the mass and radius of neutron stars
- Optical observations : Keplers laws
- Radio observations : Post-Keplerian parameters
- X-ray observations : Quasi periodic oscillations
- X-ray observations : Thermonuclear bursts
- X-ray observations : Thermal radiation
- Gravitational waves
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Neutron star formation

4 'H - “He + energy

Step1 g Step2 g Step 3

KDeuterium elium-3 elium

Key: Proton, Neutron, Neutring,
Positron, Photon

'H=1.67325x10?"kg
He = 6.645x10%7kg
Mass difference

= 0.048x10?7kg

= 4.3x10'2]

Required temperature
for fusion :

~107K for H-f*»He
~108K for Hef(_ ...
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Neutron star formation

Hydrostatic
H $»He equlibrium

gravity

-Raldia’rion
pressure

E = force For an ideal gas, P = pressure
G = gravitationadl k = Boltzmann
constant PV = kNT constant

M = Mass and N = number of

R = radius F=GMM, particles
A = ared R2 T = femperature
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Neutron star formation

When ~10% of the core hydrogen has been used ;

- the fusion stops

- force due to gravity exceeds
force due to radiation pressure

- star collapses

- central temperature
and pressure increase

- If femperature reaches
~108 K, helium can fuse

- balance is re-established

- star becomes a red giant
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Neutron star formation : Stars of ~8-20M

solar

Supernovae
type |l
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Remnant Shock
corg Wdve
Explosion

Natalie Webb
Ecole Joliot Curie, September 2016




Neutron star formation

(a] Type- | Supernova

inany star systam
E ll g I _r t
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Neutron star formation

Supernova remnants
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http://chandra.harvard.edu/photo/2005/tycho/tycho.jpg
http://chandra.harvard.edu/photo/2004/w49b/w49b_xray.jpg
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http://antwrp.gsfc.nasa.gov/apod/image/tarantula_sn.gif
http://chandra.harvard.edu/photo/2005/tycho/tycho.jpg

Neutron star formation

Because of the Pauli exclusion principal,
which stafes that two electrons, or more
generally fwo fermions, can not be in
the same quantum state, the collapse
of the nucleus is halted.

successive A Sl T '
hells Of (B A Matiere a l'etat naturel
S
electrons are ¥ ¥ SAb ¢
: %,. a il j—: Matiére éléctronique
filed and the R e s inirée. 1000keem3
becomes N & J‘_'-:.-'-'b:*I i R égéneree, gfcm
gas 9 o
. “IJ..T L -
degenerate 4 4 ; Ll

atiere baryonique

The electrons obey the Heisenberg | dégénérée, 10711 kegfem3
uncertainty principal, so Mp Ax ¥=h
The momentum for each electron is then p~MAp ~h/DAX
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Neutron star formation

If the electron density is N, , the electron separation
IS X ~n 13, so the momentum for each electron is :

D~ hnlfﬁ

e

Rewriting pressure as a function of momentum
(p). and using the fact that kinetic energy s :

0.5mv? = 1.5 NKT for an ideal gas

= 0.333 mv? = NKT and P = NkT/V et p=mv
= 0.333 pv/V =P and n_~ V-

= 0.333n_,pv="P

1 1 P
where P=_ngpv=_ngp|—
3 3 M
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Neutron star formation

SO the pressure is given by :

1 1
P = —NePV = —NeP (i)

3 3 M
Using D~ ﬁﬂ;}?"{g

1/3

1

-
e

So for a degenerate gas, P ~u pﬁfﬁ

hn :
1/3 e 5/3 5/
> i gnﬁ (ﬁﬂ-’j) wn;’f ~ P
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Neutron star formation

If the electron speed

approaches the speed of light : P = gﬂ-ﬁ (hn}ﬁ) C ~ n.jfg ~ P

The relativistic case
IS then :

Pf? ~ Pz‘?,:if*m’.
szz N p4f3

RE S p—Ef:%
R° ~ R

1l M P

1 4/3

Hydrostatic equilibrium :

dP =-GMp =-G (4/3 nr3p)p = -G 4/3 nt rp?
dr 2 2

P

fR -4/3Gmrrp2dr

C

= -2/3 G  R2p?

e The nucleus has a maximum mass of 1.4 M,
* This mass is called the Chandrasekhar mass after Subrahmanyan

Chandrasekhar

Ecole Joliot Curie, September 2016
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Neutron star formation

* For astellar core >1.4 Mo, the matter must be degenerate.

* Electrons can not remain in their orbits and are forced into the
atomic nucleus

* The electrons fuse with the protons to form confined neutrons.

Etoile a neutrons

* The Pauli exclusion principle

tasse ~ 1.5 masse solaire
makes it |mposs|b|e to have 2 ~ 20 kmn de diamétre
neufrons in the same gquantum . Ny
state in the same place. d s 2 kan hepaissen

* The force due to gravity
Is opposed by the force |
due fo the degeneracy Intérieur liquide
pressure Of The neufrons Frincipalement des neutrans

. d'autres paricules présentes
(baryonic degeneracy)
Natalie Webb
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Neutron star properties
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Neutron star properties

AXIS

Temperature at birth: CdO Radiation
~ 1x 100K S
~ /X 100 J
~ 4000 eV

=Thermal X-ray radiation

T

107*

cmesike\?i

1078

107%

1077

0.2 0.5 1 2
Energy (keV)
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A NEUTRON STAR:

CORE:

Neutron
star
iINntferiors

Homogeneous
Matter

. ‘IWiss
o x 3
|
[x'] |

SURFACE and INTERIOR

“Spaghetti’

| CRUST:

. Neutron
8 Superfluid

»————— ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
INNER CORE

~ Polar cap

“‘"» _ Cone of open
‘% magnetic

- Neutron Superfluid

Neutron Vortex

Meutron Superfluid +
Proton Superconductor

Neutron Vortex

Magnetic Flux Tube




Neutron star interiors

White dwarfs To neutron stars:
Plabo 10 10’ 3.2%210" 0

| | (g/cm?)

NoO neutronisation Neutronisation Neufron drip
/of the nucleili

M(A,Z)+e ~M(A,Z- 1) +neut
p+ +e = n+neut M(A,Z)%’*M(A - LZ)+ n

* Provokes catastrophic energy * Allows free and stable
loss from system (absorption neutrons

and emission of neutrinos)

* Stops further collapse
* Collapse of matter in this regime

Natalie Webb
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Neutron star interiors : The eqguation of state

To deftermine the equation of state
EgucTion of state of e.g. water of nucleii we need to explore

) ': all tfemperatures and pressures
2 '; ; /densities
@ solid phase 1 oo N | 1000
o . compressible 1 sypercritical fluid
: liquid | Big Bang Quark-Gluon
critical pressure E . Plasma
PEF : . ) .'t' I : t
i liquid critical poin ; 100
| phase E Had G
. o =
p, Uriple point, gaseous phase @ Critical
vapour % » Point
critical E— 10
tEll'lpEl"EltlJl"E
Ttp Tcr > E “Il.d
Temperature Phase
Liquid-Gas
By Matthieumarechal, CC BY-SA 3.0 1 L-tEron Stan
0.1 1 10
Density
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Neutron star interiors : The eqguation of state

PAL -Prakash, Ainsworth &
Lattimer (1988) 2.5
Neutrons + protons

using a schematic

potential 2.0
SQM - Prakash, Cooke:'.Er

& Lattimer (1995) ": 1.3
Strange Quark 0
Matter model =T

GM - Glendenning &
Moszkowski (1991) 0.5
Neutrons, protons + :
hyperons using a field
theoretical approach 0.0

GS - Glend ing & Schaff Bi I'Eh 1991 L % it *
- Glendenning chaffner-Bielich ( ) Radius (km) Lottimer &

Neutrons, protons + kaons using a field
theoretical approach Prakash (2007)
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Neutron star interiors : The equation of state

To determine the neutron star equation of state, we
need to know its mass and radius.

Mesuring the radius of a neutron star is
comparable o measuring :

A) the height of the Eiffel Tower from London
B) the height of a house in the USA from France

C) the width of a hair on the moon

Natalie Webb
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Neutron star interiors : The equation of state

To determine the neutron star equation of state, we
need to know its mass and radius.

Mesuring the radius of a neutron star is
comparable o measuring :

C) the width of a hair on the moon

Natalie Webb
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Neutron star interiors : opfical olbservations

Corrector

UBVRI Filter Characteristics
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Neutron star inferiors ; determining the mass

Considering two stars in a binary (1 et 2)

as point like :

M d
The force exerted on each star is equal ' .al a,
Mo, = IM,a,l et Igl=1_M, | (0=0,+a,)

la | 1M +M, |
Taking into account the inclination of the system:

(@, sini)*=M,% a° sind|
(M, + M,)?
And using Kepler's 3 law :

Aad =GM, +M,) (O ,sini)*=M,2 G P2sind
P2 42 (M, + M,)?
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Neutron star interiors

Ellipsoidal
modulation
L4.1f I : I I I I
1416 f‘ ﬁ\'nlll ;ﬁ
F(M) = M,3sin3i | F /
(M, + M,)? : A
E 405 I'II b ! ". N
; x f \H / H !
— P K23 RELH / \ l,"'l '|, 4
— — .
2 T G u.u:-—\./ * W
LAk ' ' ' ' ' 4
L .4 -3k 4.5 4.2 4.4 04
OHEITLL PHLYE
Natalie Webb

Ecole Joliot Curie, September 2016



F, (arbitrary units)

Neutron star interiors
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Neutron star interiors

The Doppler
effect
n = - .,
= = F
= 7
2 =k
vy =i _.'i.
.:"I i
S -

S D s

0 0.0 ]
Phase
Natalie Webb
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Neutron star interiors

normalised flux
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Neutron star interiors

0.0

Mass estimates

0.5

1.0 1.5 2.0
Neutron star mass (Mg)

updoted 10 November 2010

2.5

Lattimer &
Prakash (2010)

3.0
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Neutron star interiors : radio observations

A © = angular resolution
0 = I-EEUE A = wavelength
D = diameter
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] |
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iy
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Neutron star interiors

Mean rate of periastron advance (bw

Redshift/time dilation (g9

Orbital period derivative caused by gravity waves (Pe) /| |~

Range and shape of the Shapiro time delay (r, s) ’

(due to gravitational time dilation) | ,

R =mass ratio Shapiro Delay s
Pulsar A Earth

White dwartf 4
== - P’I
=D &

Mot to scale
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Neutron star interiors

Mean rate of periastron advance (bw
Redshift/time dilation (Y9
Orbital period derivative caused by gravity waves (Po)
Range and shape of the Shapiro time delay (r, s)

R = Mmass ratio

(due to gravitational time dilation)

Natalie V

Mass B (Mg,,)
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Neutron star interiors

e CUOCOCOC0 0T
B e L Wi e

=t i

Lattimer &
Prakash (2010)
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H s double
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0.0 0.5 1.0 1.5 2.0 2.5 3.0
Neutron star mass (Ma)
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Neutron star interiors : X-ray observations
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Neutron star interiors radii from QPOs

Equation of motion for a particle in a Schwarzschild metfric:
2 4

1 /7dr\?2 € — ¢
3 () +Vers (@) = 22
GM [ G M1?

I/Eff (T) — - | )2

| : kinetic energy per unit mass

r : Orbital radius

€ : Measured energy per unit mass of the particle
= c2(1—RS/c2)dt/d't

c2r3

N2 05— 10
GM7_am _
l > lCT”lt m— 2[ l - l(‘:?"it
For the innermost stdble rsco = GG_M = 12.5m1 4 km
circular orbit: c?
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Neutron star interiors : radii fromm QPOs

gisk- A . k& L7 | ' | , | ' g
il ---=- I/M =50 newtonien | -
5 — /M =50
. I/M =48 -
01 — /M =42 -
B —— /M =338 9
N — — - /M =34641
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0.05H IiM =26 o
H'-'-..i' : =
- Ul s e T i ]
L — . — —— e
005} SRR .
0.1 ]
| ! | . | | | ]
B 10 12 14
rqu
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Neutron star interiors : radii from QPOs

[oep ey yr L e £
'

1 Ww

QPOxkHz2

A‘V

Power Density
) Mo
= (o) ]
I

g
o

i
o

FFT — Fast Fourier Transform »
780 Hz | 1100 Hz II

v — central frequency Babe . . . e

Q- quallty factor = v/Av 600 800 1000 1200 1400
Lreauency (Hz)
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Neutron star interiors : radii fromm QPOs

Keplerian orbital frequency

Vorb — (4

GM \1/2 Torb \ /2 1/2
w2r3 ) = 1200 Hz (15 km) 1.4
QPOkHz,Z

orb

Vbeat — Vorb — Vspin II{> QPOxhz,1

5

00 Hz

.~ Accretion disc

"\

nnermost Stab
Circular Orbit
(ISCO)

Region emitting

the QPO
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Neutron star interiors : radii fromm QPOs

Maximal frequency and the equation of state
Causality limit

Limits imposed by the
QPO :

2 ( 12.§km) | ( 1Z$§I?Iz) |
1240 Hz
YQPO

M < 1.95
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Neutron star interiors : radii from QPOs

= 4U 1728-34,. -
| S
Observations from archive 1996 - 2004 | 4t + §
(Barret et al. 2006) VEE—53 W o t
| 60:—+ +
. 40 163053
o + ]
L N + ]
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INTRERI
| et
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Neutron star interiors : radii from QPOs

Mass of compact object :

Reduction in quality factor : VopokHz,1max =920 Hz

ISCO frequency: VqprokHz,imax +AV =1250 Hz

1000H
M~ 22My— x (140.755)  j=-22

~ (0.1 —0.2
VISCO GM?

Mass of 4U 0614+09: 1.9-2.1 solar masses

Natalie Webb
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Neutron star interiors: mass & radius from bursts

The mass and radius from
gamma-ray repeaters

* Magnetic field (B) ~10'+15G
‘B causes huge forces on the solid crust
* -> the crust can rupture (starquake)

* Brief but infense hard X-ray emission

=  SGR 1900+14

600

400

e N ik

E_JISII |I[I||| II
.

E

g____?

i .

e R
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http://imagine.gsfc.nasa.gov/Images/news/magnetar2.jpg

Neutron star interiors: mass & radius from bursts

The Eddington limit

Le =4 GMm,C
Op

Modifications due to:

- General relativity (factor (1+z) increase)
* Nature of the material (opacity)

*Magnetic field confinement of material (opacity)

X-ray bursts due to thermonuclear explosions
Luminosity reaches Eddington limit
Photosphere expands, material cools (<TX_r0y)

Photosphere confracts, 2nd brighter peak olbserved

Natalie Webb
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Neutron star interiors: mass & radius from bursts

Using: - MS0 ~,
AnR2F, = L, i

Mass (M)

Ozel et al. (2009)
results from

EXO 1745-248
Contours:

land 20 I

{} I, | i i | i

Natalle Webb _
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Neutron star interiors : mass & radius from grav. redshift

Observable Measurement Dependence on NS Properties
. T amCM . L N1/2
Fraa (2.25 +0.23) x 10~% erg ecm 251 by AnGM (1 —ff?{r)
1/2
2GM
0.35 (1_2 G ) _11
FCDGI,-";(T.T;I 1.14 =0.10 (l{mfkpc}g fz R (1 . EECU)

Natalie Webb
Ecole Joliot Curie, September 2016 44



Neutron star interiors : mass & radius from grav. redshift

Observable Measurement Dependence on NS Properties
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Neutron star interiors : mass & radius from grav. redshift

Observable Measurement Dependence on NS Properties
172
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Neutron star interiors: mass & radius from thermal radiation

Globular clusters: Dense
groups of old stars

Many compact
objects

Binaries form due to
stellar interactions

Distance to cluster well
constrained

Binaries difficult to detect SRS
because of high stellar [
density

Natalie Webb
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Neutron star interiors: mass & radius from thermal radiation

Globular clusters: Dense
groups of old stars

Many compact
objects

Binaries form due to
stellar interactions

Distance to cluster well
constrained

Binaries difficult fo detect
bbecause of high stellar
density

Natalie Webb
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Neutron star interiors: mass & radius from thermal radiation

Mass & radius determined from X-ray spectra if
distance known:

F = (R/d)20T.4 et R, = R/(1-2GM/Rc2)05

F = flux, R = radius, d = distance, ¢ = Boltzman cons.
T = temperature, G = gravitational constant,
C

= speed of light in vacuum

Natalie Webb
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Neutron star interiors: mass & radius from thermal radiation

3-5 e
2.5 .
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Neutron star interiors: mass & radius from thermal radiation
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Neutron star interiors: mass & radius from thermal radiation

MODELLING OF THERMAL X-RAYS FROM MSPs

Thermal emission coming from a heated PC on a weakly magnetised NS
covered by an H atmosphere ( Bogdanov et al. 2007).

P Relativistic effects (light bending, aberration, Doppler boosting, time delays).
» Many parameters : M, R, freq, i, # ...

— Reduce the number of free parameters ( Venter et al. 2009).

= Account for the oblateness of the N5 (Morsink et al. 2007).

p—

Tighter constraints on M /R.
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Neutron star interiors: mass & radius from thermal radiation
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Neutron star interiors: mass & radius from thermal radiation
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X-ray observations : Athena

“ATHENA
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Neutron star interiors: mass & radius from grav. waves

Gravitational waves : A deformation of space-time, caused
by the presence of a body. They move at the speed of light.

Hulse & Taylor (1975), observed a neutron star binary (PSR
1913+16) to slow down at a rate compatible with the dissipation
of energy due o the emission of gravitational waves.
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Neutron star interiors: mass & radius from grav. waves

GrQViTOTionC]l Hanford, Washington (H1) Livingston, Louisiana (L1)
waves first Lot 1F .
. 0.5}k 4 il
directly - W
detected ] | i ]
from G blOCk "I:j | | | Hlﬂnﬁur":'i:d [s.—mLu-:i,im:urim:- | |
hole binary c ool
2 0.0 \
Predict more i emm— — iy — ]
neutron _ZEEE:;TiI;EEEZ i:';iZ'SIEE;, | | _EEEEEEEI;EEEZ [ZL?L’E.'ZE; | |
star binaries o WW"“WWWW
ThOn bIOCk 0.5 [— Residual] . | I'
hole binaries _ 512 .
L 256
= b
§ 128 a
(Abbotftetal. 7 e ;
2016) Y. 0
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Natalie Webb

Ecole Joliot Curie, September 2016 57

Normalized amplitude



Neutron star interiors: mass & radius from grav.
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Summary

Multi-wavelength/messenger observations of neutron stars
allow us to :

- examine phase space of nucleil not accessible elsewhere
- cold, dense matter
- possibly also quark-gluon plasmas

- seadrch for exotfic maftter
- understand the endpoints of stellar evolution
- constrain the massive star population

- stfudy highly accelerated particles

- test general relativity

Natalie Webb
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Neutron star interiors

EXTro
slides
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Neutron star interiors

Neutronisation
B decay: _
n-p+e+v,
Atp ~ 100 gcm?
The reaction accelerates collapse of stellar core by
consuming electrons that provided degeneracy pressure

Heavy ions loaded with neutrons are produced

At p >3 10" g cm2: neutron drip (neutron ejection from atomic

nucleus)
Nucleonic degeneracy in absence of other phenomena =

maftter becomes soup of neutrons, protons & electrons in f equ.

P =¢e and in minority w.r.t. neutrons.

Natalie Webb 1
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Neutron star interiors

The apparition of muons

When plthe chemical potential increases, the star can become
filled with u

€ > W+V+V
Neutrinos escape the star and reduce the energy,

again contributing to its further collapse

The muons formed can play the same role as the
electrons in the general Beta equlibrium.

Natalie Webb
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Neutron star interiors

Hyperonisation

Strong reactions between nucleons (N) provoke the apparition
of new particles, such as the hyperon lambda :

N+N —»N+L+K

If the particle does not undergo a phase change 1o a condensate
(these are bosons), kaons can decay to form leptons & photons

The photons and neuftrinos escape the star, which reduces the
temperature further, meaning that the internal energy further
accelerates the collapse and increases the lbaryon degeneracy.

Natalie Webb
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Neutron star interiors

Finally, the hyperons are trapped in a « Fermi sea »,

They become stable because of the exclusion principle which
forbids their decay (« Pauli blocking»).

The conservation of sfrangeness (zero at outset) is violated
because the negative strangeness of kaons is lost (Prakash,
Cooke & Lattimer, 1995).

This process continues until the whole star becomes degenerate
and no further strong inferaction can take place.

Natalie Webb
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Neutron star interiors

The phase fransition produces a plasma of free
quarks

A plasma of free quarks (u d s ) can exist

The hypothesis of strange matter stipulates that
the maftter is in the fundamental state (minimal
energy) in extreme compactness, which gives
rise to the free quarks.

There is no formal equation of state describing
the equation of state of a quark plasma and the
fransition from confined to free quarks is still unclear.

Natalie Webb
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Neutron star interiors

Radius of quark star
< radius of neutron star

Quark star held
tfogether by gluons

Strange Quark Star ' R
i liquide de quarks

u (up), d (down)
s (strange)

X [km]

| confined

NEUTRONS \ QUARKS QUARKS
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Neutron star interiors

Populations / Baryon density

_H

Composition of
Nyperon-rich

hadronic maftter with
phase transition

tfowards unconfined high
density hadrons (quark
population :udands).

=
.

Between 0.3 and 1.2 fm?3,

0.014 ,
: A mixed phase appears.

Above this density,
only free quarks remain.

15

Baryon density (fm™3)
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M Neutron star interiors

7
S .

107 10n 108 10% P (g/em?)
1:>3 M, nhothing can stop collapse of space-fime to a singularity

(black hole) even taking info account nuclear repulsion
2 : Stellar core stabilises as neutron star.

3 : Stellar core stabilises as white dwarf

4 : White dwarf accretes to reach the Chandrasekhar
mass. Formation of a neutron star.
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