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A star emits GW at the frequencies of the A star emits GW at the frequencies of the 
qquasiuasi--normalnormal modes modes (Complex eigenfrequencies): : 

The modes are classified according to the restoring force which is prevailing
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For a cold, old neutron star As in newtonian theory
the frequency of the f-mode
is proportional to the 
average density

(Andersson, Kokkotas MNRAS 1996)

In newtonian theory  the frequency of the f-mode is proportional to the 
average density of the star



A star emits GW at the frequencies of the A star emits GW at the frequencies of the 
qquasiuasi--normalnormal modesmodes: : 
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A cold, old neutron star  does not have gg-- modesmodes

When a fluid element is displaced by its equilibrium position, it has a radial   acceleration given by

Schwarzschild
discriminant

sound velocity equilibrium velocity

If S ( r ) > 0 the fluid element oscillate about the equilibrium position: a g-mode appears
If S ( r ) < 0 there is a convective instability
If S ( r ) = 0 (as it is for a T=0 star)          g-modes degenerate at zero frequency

g-modes appear  if there are thermal or composition gradients



- Kaon and/or Pion condensations, 
- Transitions from ordinary nuclear matter to quark matter

314 /108.2 cmgnucl ×=ρ

First order phase transitions may produce a density discontinuity in the inner core of a   NS,  
(Heiselberg&Hjorth-Jensen 2000, Prakash et al.  1997)                             at densities   above

Phase transitions can occur soon after the gravitational collapse or later, due to accretion.     

We model the star with a polytropic EOS M = 1.4 Msun

Non radial oscillation modes as a probe 
of density discontinuities in neutron stars

G.Miniutti, J.A.Pons, E.Berti, L. Gualtieri and V. Ferrari MNRAS, 2002, 

We set K(1+∆ε/εd)Γ =180 km    for  ε < εd

(so that all stars have the same equation of state at low density )

For the considered models   8.5 km < R < 18 km

We consider  a variety of 

stellar models

Γ = 1.67, 1.83, 2.0, 2.25

∆ε/εd = 0.1, 0.2, 0.3



Since for cold stars

νf ∝ (M/R3)1/2 νp ∝ (M/R)

the frequency of the    f- and p- modes  are higher if a density discontinuity 
is present

A density discontinuity affects the macroscopical structure of the star.

in particular:  stars that have a density discontinuity in the inner core 

are more compact (softer EOS)

For a star with a density discontinuity CS = C0 everywhere except that at
the density jump:   there,   CS  ≠ C0 ,  and  S ( r ) > 0 , so that

a discontinuity g - mode appears



T

The frequency of the discontinuity g-mode plotted as a function of the density ρd, where the discontinuity occurs,
for different values of the density jump  (∆ρ/ρd = 10 %, 20%, 30%)

Remarkably,  νg depends much more on the amplitude of the density discontinuity
than on the other paramenters of the EOS

Would a discontinuity g-mode be detected this feature would give an indication
on the amplitude of  the density  jump
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Quasi-normal modes could be excited :

At the onset of the phase transition there is a sudden reduction of the stellar radius
(mini-collapse); the total emitted energy   is comparable to that emitted in a standard
gravitational core collapse  (~ 10-1 M sunc2 )

A fraction of this energy is radiated in    GW  ~10-8 – 10-6 M sunc2

Dimmelmeier, Font, Muller ApJ 2001,  Dimmelmeier, Font, Muller A&A 2000
Ramp, Muller, Ruffert A&A 1998

We apply the standard matched filtering technique  adapted to this signal 

and compute
∆Ε which should be stored in a mode to be detectable with SNR=3,  in 
(units of M sunc2)

VIRGO, LIGO  (first generation ) would be able to see only  galactic sources



EURO EURO - Third Generation GW Antenna
In May 1999 the funding agencies in Britain, France, Germany and Italy commissioned scientists involved in the

construction and operation of interferometric gravitational wave detectors in Europe (GEO and VIRGO) to prepare a vision
document to envisage the construction of a third generation interferometric gravitational wave detector in Europe on the time 

scale of 2010. 



after the bounce the star is composed of
• low entropy, lepton rich  core with trapped υs
• high entropy, low density, accreting mantle
• after Sn explosion, in a few tens of seconds extensive neutrino losses reduce lepton pressure 
and the mantle contracts: the radius of the PNS is now ~ 20-30 km

To describe this part of the evolution (t < 0.2 s) dynamical simulations are needed 
(Muller,Dimmelmeier,Zwerger, Font…) 

for t > 0.2 s a quasi stationary description is adequate  (Burrows, Lattimer, Miralles, Pons…)

♣ Neutrino diffusion deleptonizes the core on a time scale of 10-15 s:    the star heats up and the core 
entropy increases, reaching a maximum at the end of the deleptonization epoch.

♦ For  t  > 15 s, the PNS becomes lepton poor, but it is still hot: the average neutrino energy 
decreases, and the neutrino mean free path increases.  After approximately 50 s, the mean free path 
becomes comparable to R, and the star is finally transparent to neutrinos.

By this time,     T ~ 1010 K.

Gravitational waves from newly born, hot neutron stars

V. Ferrari, G. Miniutti, J. Pons, MNRAS 2003, to appear

We study how the frequencies and damping times of the QNMs change 
for   0.2 s < t < 50 s

A NEUTRON STAR IS BORN



We use the models of Proto Neutron Star evolution obtained by 

Pons, Reddy, Prakash, Lattimer, Miralles, Ap.J.  1999
Pons,Miralles, Prakash, Lattimer, Ap.J. 2000
Pons,Steiner, Prakash, Lattimer, Phys. Rev. Lett. 2001

We solve the equations of stellar perturbations using these models as a background
and compute the frequencies and  the damping times of the quasi-normal modes 
during the evolution

Neutrino dissipation processes are taken into account

ν - diffusion and ν - conduction timescales:

τ D,C ≈ 10 – 20 s

(Van den Horn & Van Weert A&A 1984)



Remember that  for a cold Neutron Star:

νf  ≈ 2 kHz     scales as ∝ (M/R3)1/2

νp1  ≈ 7 kHz     

νw1  ≈ 11 kHz

NO g-modes       

In a hot, proto-neutron star g-modes appear due to entropy- and 
composition  gradients

For a HOT Proto-Neutron Star:
At very early time  the  frequencies of the f- p1- and   w1- modes are much lower
than  those of a cold Neutron Star.
Moreover, νf does not increase as   the star contracts!

HOT proto-neutron star



At early times (0.2 < t < 2 s)

!f decreases sharply from
~ 60-70  to ~2-3 seconds

!neutrinos ~ 10-20 s

DAMPING TIMES  OF THE QNMs

for t < 0.5 s     !neutrinos < !f neutrino dissipation dominates

for t > 0.5 s     !neutrinos > !f GW-emission becomes dominant



Having computed ν(t) and !(t) we can model the GW-signal emitted by
a PNS oscillating in a given mode

and estimate the amount of energy that should be stored into a mode in order to be 
detectable  with a SNR=5 by a given detector, using matched filtering

assuming that it  is zero when neutrino processes dominate, 

i.e.  when   !neutrinos < !f
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For a galactic source source (EGW    in units of Msun c2) 

For a source located in the   VIRGO cluster these 
numbers should be multiplied   by 2.8 • 106

Simulations of Supernova explosion and following collapse, estimate
an average emission of gravitational energy  [ 10-8 - 10-6] Msun c2

Dimmelmeier, Font, Muller ApJ 2001,  
Dimmelmeier, Font, Muller A&A 2000
Ramp, Muller, Ruffert A&A 1998

IF a fraction of this energy goes into the quasi-normal modes they could be
detected by the first generation of interferometers with SNR=5

SNR=5



dual

M. Bonaldi, M. Cerdonio, L. Conti, private communication 2002

How much energy should go into a mode, if the emitted 
signal has to be detected by a dual detector with SNR=5?
(for a galactic source)

M. Bonaldi, M. Cerdonio, L. Conti, private communication 2002



Recent simulations (Shibata&Uryu 2002) show that short-lived, supra-massive
Proto-Neutron Stars could also be formed in the merger of two NSs with
comparable mass and low compactness: in this case the energy radiated
in GW would be much higher, up to ~ 10-2 Msun c2

The results of our study  should also be applicable to the hot star produced 
by the merging, and in that case much more energy would be emitted, 
increasing chances of detection.


