


the dense matter challenge 
Neutron stars may be the most exotic objects we have in the Universe. 

They are associated with a range of phenomena, most of which remain to be 
understood.    

The extreme physics involved cannot be tested in the laboratory. 

 There are no models on the market that can 
deal with all the physics.  

 

 

 

 

For any proposed model/scenario you need 
to ask what is included and what is not! 

 

 

 

Main focus here will be on issues relating to X-ray timing, but keep in mind that the 
effort will benefit greatly from, perhaps even rely on, multi-messenger efforts. 



the bigger picture 
The desire to understand how matter behaves under extreme conditions 
is a key motivation for neutron star astrophysics.  

The problem involves all four of the fundamental forces in Nature.  

Simplistically, neutron stars observations complement data gleaned from 
colliders like the LHC and RHIC. 

Gravity, holds the star together  
(gravitational waves?) 
Electromagnetism,  makes pulsars 
pulse and magnetars flare 
Strong interaction, prevents 
collapse and determines the internal 
composition 
Weak interaction, affects reaction 
rates, which lead to cooling and 
internal viscosity 
 



the RXTE legacy 
The LOFT concept builds on the immense success of RXTE.  

Accurate X-ray timing has helped improve our understanding 
of neutron star physics.  

We are beginning to take the fingerprint of these objects, but 
need better resolution to make further progress. 

Pulsar timing – discovery of the first millisecond X-ray 
pulsar, and long-term timing of several systems 

X-ray bursts – radius expansion bursts have provided 
constraints on equation of state through M-R relation  

Magnetar dynamics – QPOs in tails of giant flares have 
led to first serious discussion of neutron star seismology. 
Spin glitches have been seen and compared to radio pulsar 
phenomenon. 



Millisecond pulsars, like the record holder 
J1748-2446ad at 716 Hz, form by accreting matter 
(and angular momentum) from a companion.  

Only a few systems are seen as pulsars (in X-ray), 
like SAX J1808.4-3658 which has a spin period of 
2.5 ms. In some systems the spin is inferred from 
oscillations associated with X-ray bursts. 

timing 
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The fastest system, 4U 1608, spins at 620Hz. 

Is some kind of speed-limit is enforced? 

―   “non-standard” accretion torque? 

―   additional gravitational wave torque? 

 (e.g. r-modes probe interior viscosity) 

We are beginning to piece together this story, but precision timing, 
especially of systems in quiescence, is needed to constrain the theory.  



bursts 
Observed X-ray bursts arise as an 
explosive burning front propagates 
around the star. The associated hot-
spot helps pin down the star’s spin.  

This pressure variation accounts for the nearly
50% variation in predictions of neutron star
radii (27).

A potential constraint on the EOS derives
from the rotation of neutron stars. An abso-
lute upper limit to the neutron star spin fre-
quency is the mass-shedding limit, at which
the velocity of the stellar surface equals that
of an orbiting particle suspended just above
the surface. For a rigid Newtonian sphere,
this frequency is the Keplerian rate

vK ! (2")#1!GM/R3 !

1833$M/MJ)1/2(10 km/R)3/2 Hz (3)

However, both deformation and GR effects
are important. A similar expression, but
with a coefficient of 1224 Hz and in which
M and R refer to the
mass and radius of
the maximum-mass,
nonrotating configu-
ration, describes the
maximum rotation
rate possible for an
EOS (26, 28, 29).
We have found that
Eq. 3, but with a co-
efficient of 1045
Hz, approximately
describes the maxi-
mum rotation rate
for a star of mass M
(not close to the
maximum mass) and
nonrotating radius R
independently of the
EOS. The highest
observed spin rate,
641 Hz from pul-
sar PSR B1937%21
(30), implies a radi-
us limit of 15.5 km
for 1.4 MJ.

Internal Structure
and Composition
A neutron star has
five major regions:
the inner and outer
cores, the crust, the envelope, and the atmo-
sphere (Fig. 3). The atmosphere and envelope
contain a negligible amount of mass, but the
atmosphere plays an important role in shap-
ing the emergent photon spectrum, and the
envelope crucially influences the transport and
release of thermal energy from the star’s sur-
face. The crust, extending about 1 to 2 km
below the surface, primarily contains nuclei.
The dominant nuclei in the crust vary with
density, and range from 56Fe for matter with
densities less than about 106 g cm#3 to nuclei
with A & 200 but x & (0.1 to 0.2) near the
core-crust interface at n ' n0/3. Such extremely

neutron-rich nuclei are not observed in the lab-
oratory, but rare-isotope accelerators (31) hope
to create some of them.

Within the crust, at densities above the
neutron drip density 4 ( 1011 g cm#3 where
the neutron chemical potential (the energy
required to remove a neutron from the filled
sea of degenerate fermions) is zero, neutrons
leak out of nuclei. At the highest densities in
the crust, more of the matter resides in the
neutron fluid than in nuclei. At the core-crust
interface, nuclei are so closely packed that
they are almost touching. At somewhat lower
densities, the nuclear lattice can turn inside-
out and form a lattice of voids, which is
eventually squeezed out at densities near n0

(32). If so, beginning at about 0.1 n0, there
could be a continuous change of the dimen-
sionality of matter from three-dimensional

(3D) nuclei (meatballs), to 2D cylindrical
nuclei (spaghetti), to 1D slabs of nuclei inter-
laid with planar voids (lasagna), to 2D cylin-
drical voids (ziti), to 3D voids (ravioli, or
Swiss cheese in Fig. 3) before an eventual
transition to uniform nucleonic matter
(sauce). This series of transitions is known as
the nuclear pasta.

For temperatures less than &0.1 MeV, the
neutron fluid in the crust probably forms a
1S0 superfluid (1, 2). Such a superfluid would
alter the specific heat and the neutrino emis-
sivities of the crust, thereby affecting how
neutron stars cool. The superfluid would also

form a reservoir of angular momentum that,
being loosely coupled to the crust, could
cause pulsar glitch phenomena (33).

The core constitutes up to 99% of the mass
of the star (Fig. 3). The outer core consists of a
soup of nucleons, electrons, and muons. The
neutrons could form a 3P2 superfluid and the
protons a 1S0 superconductor within the outer
core. In the inner core, exotic particles such as
strangeness-bearing hyperons and/or Bose con-
densates (pions or kaons) may become abun-
dant. It is possible that a transition to a mixed
phase of hadronic and deconfined quark matter
develops (34), even if strange quark matter is
not the ultimate ground state of matter. Delin-
eating the phase structure of dense cold quark
matter (35) has yielded novel states of matter,
including color-superconducting phases with
(36) and without condensed mesons (35).

Neutron Star
Cooling
The interior of a proto–
neutron star loses ener-
gy at a rapid rate
by neutrino emission.
Within 10 to 100 years,
the thermal evolution
time of the crust, heat
transported by electron
conduction into the in-
terior, where it is radi-
ated away by neutrinos,
creates an isothermal
structure [stage (V) in
Fig. 1]. The star contin-
uously emits photons,
dominantly in x-rays,
with an effective tem-
perature Teff that tracks
the interior temperature
but that is smaller by a
factor of &100. The
energy loss from pho-
tons is swamped by
neutrino emission from
the interior until the star
becomes about 3 ( 105

years old (stage VI).
The overall time

that a neutron star will
remain visible to terrestrial observers is not yet
known, but there are two possibilities: the stan-
dard and enhanced cooling scenarios. The dom-
inant neutrino cooling reactions are of a general
type, known as Urca processes (37), in which
thermally excited particles alternately undergo
beta and inverse-beta decays. Each reaction
produces a neutrino or antineutrino, and
thermal energy is thus continuously lost.

The most efficient Urca process is the
direct Urca process involving nucleons:

n3 p % e ! " v̄e, p3 n % e% % ve

(4)

Fig. 2. Mass-radius diagram for neutron stars. Black (green) curves are for normal matter (SQM)
equations of state [for definitions of the labels, see (27)]. Regions excluded by general relativity
(GR), causality, and rotation constraints are indicated. Contours of radiation radii R) are given by
the orange curves. The dashed line labeled *I/I! 0.014 is a radius limit estimated from Vela pulsar
glitches (27 ).
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Detailed modelling allows us to infer the 
star’s radius. 

Current data suggests that the radius should 
be in the range 11-12 km. 

The maximum mass is relatively large, 1.9-2.2 
Mo 

The data is beginning to constrain the nuclear 
physics! 

Dense matter:  
Neutron Star Structure and Equation of State of ultradense matter 

 X-ray oscillations are produced by hot spots rotating at the  
NS surface. 
Modeling of the pulses (shape, energy dependence) taking 
into account Doppler boosting, time dilation, gravitational 
light bending  and frame dragging will constrain the M/R of 
the NS.  

Morskink 2012; Watts 2012 
 

To get to the next level (eg.  an error box of a few percent), we need 
more accurate modelling of pulse profiles and higher precision timing. 



Quasi-periodic oscillations seen in the X-ray 
tail of flares provide first evidence of neutron 
star oscillations and an opportunity for 
asteroseismology. 

Should allow us to constrain both mass and 
radius, and probe crust physics as well. 

However… 

Magnetars (SGR/AXP) are neutron stars with superstrong 
magnetic fields: B ~ 1015 G, P ~ 1-10 s 

Field decay powers regular gamma-ray flares.  

On rare occasions magnetars emit giant flares, thought to 
result from crust fractures leading to a rearrangement of 
the magnetic field. 

 

magnetars 

Neutron Star Seismology

Strohmayer & Watts (2005)
Samuelsson & Andersson (2006)
Lattimer & Prakash (2006)

fn=0 ∼ vt/R∞
fn>0 ∼ vr

1−2β
∆ ∼ vr

M
R2(H−1)

J.M. Lattimer, Neutron Stars and Gamma Ray Bursts, 31 March 2009 – p. 23/28Modelling is difficult, especially since interior magnetic field and superfluidity 
may both be important.  

Need more, and better, data if we are to make progress! 



The science case for a large area X-ray instrument, like LOFT, is clear...  
 
We need this kind of instrument to probe dense matter physics, at 
the level of the mass-radius relation and beyond.  
 
We also have to make sure that we make maximal use of the multi-messenger 
opportunities (radio, gravitational waves, …) 

ESA’s Cosmic Vision: 
 
Probe gravity in the very strong 
environment of black holes and 
other compact objects, and the state 
of matter  at supra-nuclear densities 
in neutron stars.  


