NEUTRON STARS :

Astrophysical probes of extreme physics

Debarati Chatterjee

Luth, Observatoire de Paris, Meudon

COLLABORATORS:
MICAELA OERTEL
JEROME NOVAK

Joumneée GPhys 2014

Tuesday 27 May 2014



DEATH OF MASSIVE STARS

Life Cycle of a Star
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NEUTRON STAR STRUCTURE

e Compact massive objects, M ~ 1-2 Msoiar, R~ 10 km




NEUTRON STAR STRUCTURE

and elecirons

Muce

rnons

Nuclei, elecirons ang free neu

Proton drip  Uniform matter

88000 00

Pasta phase

Neutron drip

aton

Neutroni

ion

U

Pressure ioni

density (g/cm’)
>

g

muclear clusters,

Inner crust
ne

10"

10

neutron rich nuclei, ¢

Outer crust

o0 200 000000
3 000000000

10°

Envelope

iron atoms

Outer core

Mantle

nuclear pasta

Solid crust

body centered cubic

np.e

Couldomb lattice

Pastz nuclei

§ PP 0% 3 FRR O g RRR R g ERgOe g D
G0 ¢ 4" 540 ¢4

TR AL

IETAAE LTSRN
sP%s 40 0% v 40 g 0% 000 o~
PR AR N LR RN LR LR
L S S R

“alget van®

CEP e NP L et e AV s et eVt s et a2ty
A N L L
“P R PP ReD g PRt g Pt ann -
agtgot salgon ogta
-9 808 o=>

L
R T

Al
uS.’
LD
...R..
e O M

~10 «m

Compact massive objects, M ~ 1-2 Msoiar, R~ 10 km

Tuesday 27 May 2014



NEUTRON STAR STRUCTURE

and elecirons

Muce

rnons

Nuclei, elecirons ang free neu

Proton drip  Uniform matter

88000 00

Pasta phase

Neutron drip

aton

Neutroni

ion

U

Pressure ioni

density (g/cm’)
>

g

muclear clusters,

Inner crust
ne

10"

10

neutron rich nuclei, ¢

Outer crust

o0 200 000000
3 000000000

10°

Envelope

iron atoms

Outer core

Mantle

nuclear pasta

Solid crust

body centered cubic

np.e

Couldomb lattice

Pastz nuclei

§ PP 0% 3 FRR O g RRR R g ERgOe g D
G0 ¢ 4" 540 ¢4

TR AL

IETAAE LTSRN
sP%s 40 0% v 40 g 0% 000 o~
PR AR N LR RN LR LR
L S S R

“alget van®

CEP e NP L et e AV s et eVt s et a2ty
A N L L
“P R PP ReD g PRt g Pt ann -
agtgot salgon ogta
-9 808 o=>

L
R T

Al
uS.’
LD
...R..
e O M

~10 «m

Compact massive objects, M ~ 1-2 Msoiar, R~ 10 km

Tuesday 27 May 2014



NEUTRON STAR STRUCTURE

Muce and elecirons

Nuclei, elecirons ang free neutrons
Pasta nuclei
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NEUTRON STAR STRUCTURE

Muce and elecirons
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Dense Nuclear Matter
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Dense Nuclear Matter

Quarks and Gluons
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Astrophysical Observables
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MODELING NEUTRON STARS
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Equation of state (EoS)




Equation of state (EoS)

*stiff”” EOS

Pressure

density

Tolman-Oppenheimer-Volkov equations of relativistic
hydrostatic equilibrium:

dp G (m+4mpr®)(e + p)
dr & r(r—2Gm/c?)
dm € .
— = 4r—r°
([I' ! (’2
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Equation of state (EoS)

*stiff”” EOS

Pressure

density

Tolman-Oppenheimer-Volkov equations of relativistic
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Equation of state (EoS)

“stiff” EOS M P EOS

“soft”

Pressure

density

Tolman-Oppenheimer-Volkov equations of relativistic
hydrostatic equilibrium:

dp G (m+dmpr’)(e +p)
dr 2 r(r—2Gm/c?)
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Neutron stars in Relativistic binaries P

Post-Keplerian Parameters AT
e Relativistic advance of periastron w

e Gravitational redshift and time dilation y

e Orbital decay in period Py

e Shapiro time delay (range r and shape s)
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Neutron stars in Relativistic binaries

Post-Keplerian Parameters A T P AN
e Relativistic advance of periastron w ey
« Gravitational redshift and time dilation y e

e Orbital decay in period Py

e Shapiro time delay (range r and shape s)
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Soft equation of state from heavy-ion data

Hartnack, Oeschler, Aichelin, PRL 2006
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Soft equation of state from heavy-ion data

Hartnack, Oeschler, Aichelin, PRL 2006
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Soft equation of state from heavy-ion data

Hartnack, Oeschler, Aichelin, PRL 2006
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Neutron Star Oscillations : Asteroseismology

Non-radial Oscillations:
f~modcs: fundamcntal
g-modes: buogancg

P-modcs: pressure
R-modes: Coriolis force
w-modes: 5Pacc~timc G W detectors
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Neutron Star Oscillations : Asteroseismology

Non-radial Oscillations:
f-moclcsz funclamcntal
g-modes: buogancg

P~ MOodAaeEs: PFCSSU re

R-modes: Coriolis force

w-modes: 5Pace~time
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Known magnetar candidates

Magnetars

Ultra strong magnetic field B~107 G
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Known magnetar candidates

Magnetars

Ultra strong magnetic field B~107 G

\ by Lorimer & KramA
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Neutron stars are Pertect astrophgsicai laboratories tor ..

* Composition of cold and dense matter
& tests of generai reiativitg

& oscillation modes and gravitational waves

i@ Physics in ultra strong magnotic fields
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