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Motivation

� Typical density of terrestrial macroscopic objects: � � ��

g cm

� � � �

structure mainly determined by electromagnetic interactions

At g cm the picture changes drastically: electromagnetic

interactions play a negligible role and the structure of matter is

determined by quantum effects and other interactions

Birth of physics of dense matter: 1920. Discovery of the star called

Sirius B, whose density was estimated to reach g cm

More recently, these studies have been extended, to describe the physics

of different astrophysical objects (neutron stars, hybrid stars, quark stars),

whose density is believed to exceed g cm

Understanding the properties of these systems requires the knowledge of

the equation of state (EOS) of matter over a huge density range
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Overview of Compact Star Structure

� �� � ��� �� �� � 	 
� � �
� � � ��� �� � ��� 
 � � �

? : hyperons,

-condensate,

-condensate,

quark matter

note: most of the

neutron star mass is

in the region
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Main assumptions

� cold matter:

� � � � �

Vela

�

typical neutron star
temperature � � � � � �

�

to be compared to average
kinetic energies in the range

	
 � � �  � � 	
 �� �

��� � � � � ���

transparency to neutrino:
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Basic facts on nuclear matter

� under standard terrestrial conditions, nuclear matter is observed in form

of rather small, cold chunks: the atomic nuclei

nuclei are self-bound systems consisting of Z protons and A-Z neutrons

electrostatic repulsion between protons limits A to 200

cold means that thermal energies are negligible with respect to proton

and neutron Fermi energies

nuclear systematics constrains ,

related to the EOS at through

at close to the central density of atomic nuclei
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� A-dependence of the (positive) binding energy per nucleon

� �� � � �

� �
�

�
�

� � � 
 ��� � � � � 
 ��	
� �

� � � � 
 � 

� � 
 � � �

� � �  � �
�

� � � �
�

‘

� in the absence of Coulomb repulsion

	� ���� �
� � � 
  � � �

� � � � � ��

��� �
�
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� nuclear densities measured by elastic electron scattering

‘

� saturation of nuclear densities indicates that the equilibrium density of

nuclear matter is

� � �� �� � � � � � � � � � � �� � �� 
 � � �
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� Nuclear systematics provides a single point of the energy-density curve

for symmetric nuclear matter, corresponding to equilibrium at

� � �

� � � � � � � � � � � � � � � �� �� � 
 � � � � � �� �� � � � �

Expanding in the vicinity of the equilibrium density yields

in principle, the (in)-compressibility module K can be determined from

the excitation energies of the nuclear vibrational states
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� experimental values of

�

range from � � ��

MeV (soft EOS) to

� �� �

MeV (stiff EOS)

for any , a parabolic leads to a speed of sound in matter

exceeding the speed of light, i.e. to ( is the nucleon mass)
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Constraint from causality: �� � �

� causality constrains the EOS requiring that, at any �,

� 	
���

� �

for noninteracting fermions , implying (the equal sign

corresponds to the limit of massless particles)

the stiffest EOS compatible with causality is
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Modeling the equation of state of nuclear matter

� Bottom line: use effective degrees of freedom & effective interactions

nonrelativistic many-body theory (NMBT)

strongly constrained by the observed properties of light nuclei and

NN scattering data

relativistic mean field theory (RMFT)

meson masses and couplings determined by the equilibrium

properties of nuclear matter
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� charge neutral matter of neutrons, protons and leptons ( � and �) in

�

-equilibrium

� �� � �

� � 
 ��� � �� � �� �
�

��

for any given baryon density the EOS is determined by minimizing the

energy per barion

energy density and pressure are trivially related to through

EOS models can be classified according to their “stiffness”
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Strange hadronic matter

� at large � � more general forms of matter, containing hadrons other than

nucleons, may become energetically favored

for example, can appear through the process

as soon as .

both NMBT and RMFT predict the appearance of at

as the interactions between hyperons and nucleons are not as well known

as those between nucleons, these calculations involve large uncertainties

the appearance of hyperons makes the EOS significanlty softer
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Composition of charge neutral and

�

-stable strange hadronic matter
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Deconfinement in compact stars: a little history

� “We suggest . . . the existence of a different phase in which quarks are not

confined” (Cabibbo & Parisi, 1975)

“Superdense matter: neutrons or asymptotically free quarks ?” (Collins

& Perry, 1975)

“Dense stellar matter in asymptotically free gauge theories” (Kislinger &

Morley, 1976)

“We are assuming . . . that at zero external pressure (and temperature)

quark matter is stable if strangeness is large enough” (Witten, 1984)

“There may be no neutron stars, only stange stars” (Alcock, Fahri &

Olinto, 1986)
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Modeling the EOS of quark matter

� Bottom line: @ � � �� � �

g/cm

�

quarks are no longer expected to cluster

into hadrons

Crudest model: MIT bag

quarks are confined to a finite region of space (the bag)

the bag volume is limited by a pressure B (the bag constant)

interactions between quarks are weak, and can be neglected or treated

in lowest perturbation theory in

both and are obtained from the thermodynamic potential
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Modeling the EOS of quark matter (continued)

� Nambu Jona-Lasinio (NJL) model: deeper dynamical content

� � ��� �� �
 
 � � � � � � � � 	 � ��� � 	 � � � � �� �� � � �
	 � �� � �� �

� � � 	 � �
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� �
� � � �   � � � � � ���  � � � � � ��
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Modeling the EOS of quark matter (continued)
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NJL model with three flavors

�	 � �� � �� � �� � � �� � � ���� � ��� �
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Composition of charge neutral

�

-stable quark matter
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From hadronic matter to quark matter

�

nucleon matter vs quark matter

�

as �� � �

�
�� � �

� ��

�
�� � �

� �
� � �

�

�

The transition takes place either at constant pressure or with

formation of a mixed phase
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EOS and properties of nonrotating neutron stars

�

given the EOS, mass and radius of a nonrotating star can be
obtained from the Tolman-Oppenheimer-Volkov (TOV)
equations (hydrostatic equilibrium + Einstein eqs)

� � ��� �
��

� � �
�
	 ��� � � � ��� �� � ��� � � �� � � � �� ��

� � � � � � � ��� �� � �

��� � � ��

�
�

� � � �� � 	 ��� � �
� 	 ��� � � � � 	��

�

solving TOV equations one obtains a set of neutron star
configurations, characterized by the radius

�

, defined through

� � � � � �

, and the mass � � � �
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Maximum neutron star mass

�

typical mass-central energy-density curve

�

maximum mass given by

� � � � 	�
�

�

�
�	� ��� � ���

� �
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Mass-radius relation
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Basic experimental facts

�

Mass of the Hulse-Taylor bynary pulsar:

� � �� � � � � � ��� � � � � ���

� � 20 accurate measurements from bynary systems yield

� � �� � � � ��� � ���

�

recent suggested evidences of heavier neutron stars

�

mass of Vela X-1:

� � �� � � � ��� � �

� ��� � � ���

�

mass of Cygnus X-2:

� � �� � � � ���  � ���

�

QPO of galactic X-ray sources seem to indicate that they

include neutron stars with

� � �  �	�
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Compilation of measured neutron star masses
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PSR B1913+16

companion

Figure 2: Yakovlev 2003

Neutron star masses in radio-pulsar - neutron star binaries

Relativistic analysis. Space-time affected by NS masses.

More parameters. Example: Hulse-Taylor binary pulsar.

Very high precision can be reached under favor-

able conditions.

Lyne et al. Jan 2004: first NS binary with two radio

pulsars J0737-3039A,B

MA = 1.34 M� , MB = 1.25 M�

MB - the lowest M known precisely

Porb = 2.4 h, PA = 23 ms, PB = 2.8 s
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Figure 1: Yakovlev 2003

Neutron star masses - X-ray binaries

Newtonian (Keplerian) analysis. Large systematic errors

No clear convergence seen for measured value of M
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Predicted maximum masses vs data

�

bottom line: most EOS support a stable neutron star of mass

� 1.4 M �

EOS based on nucleonic degrees of freedom predict maximum

masses typically 2 M

the appearance of hyperons makes the EOS significantly softer,

typically leading to

the presence of a core of deconfined quark matter lowers the

maximum mass by 10

stable strange stars with 2 M are also allowed by the MIT bag

model, provided perturbative gluon exchange is taken into account

if confirmed, the measured mass of Vela X-1 will rule out soft EOS,

thus leaving little room for the occurrence of hyperonic matter
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Mass-radius relation
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Recent (still controversial) observational developments

�

Iron and Oxygen transitions observed in the spectra of 28 bursts of

the X-ray binary EXO0748-676 correspond to a gravitational

redshift � � ��� � �

(Cottam et al, 2002)

is related to the mass-radius ratio through

yielding

i.e.
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Moment of inertia

Quark Matter Italia, ISS, Roma, April 23, 2009 – p.32/39



Gravitational wave asteroseismology

�

Frequency of the fundamental mode vs mass
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Gravitational wave asteroseismology (continued)

�

A phase transition at constant pressure leads to the appearance of a

discontinuity in the star density profile

�

A class on nonradial oscillations, called g-modes, is associated

with the occurrence of a density discontinuity in the interior of the

star
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� Consider a star described by a polytropic EOS with a density discontinuity

��� located at � � ��
	 � � � �

�
�

�
� � � � �	�� 


� �
� � � � ��
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� frequency of the f- and g- modes of a star with
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Backup Slides
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Why the EOS ?

� The EOS is a nontrivial relationship linking the termodynamic

variables specifying the state of a system � � ideal to test the

prediction of microscopic dynamical models against astrophysical

observations

Simplest (and not very interesting) example: EOS of a ideal classical

gas ( )

: pressure

: average particle density

: temperature

In the presence of interactions, the EOS carries a wealth of

information on the underlying dynamics
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Simple example: van der Waals’ fluid

� consider a system of particles interacting through the two-body potential

� at

� �� � 
 � � � �

its EOS takes the van der Waals form

	 �

� �
� 
 � � 
 � � �

� �
��

�

� �
�� � � �

�
�� �
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Quark Matter Italia, ISS, Roma, April 23, 2009 – p.38/39



NJL model with two flavors
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