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THE MICRO-PHYSICS OF NEUTRINO TRANSPORT AT 
E X T R E M E  DENSITY * 

SANJAY REDDY 
Los Alamos National Laboratory, 

MS B.283, 
Los Alamos, NM 87545, USA 

E-mail: reddyOlanl.gov 

Production and propagation of neutrinos in hot and dense matter plays an im- 
portant role in the thermal evolution of neutron stars. In this article we review 
the micro-physics that influences weak interaction rates in dense matter contain- 
ing nucleons, leptons and or quarks. We show that these rates depend sensitively 
on the strong and electromagnetic correlations between baryons. We present new 
results, obtained using molecular dynamics, for the response of dense plasma of 
heavy ions. Neutrino rates are also shown to be sensitive to the phase structure 
of matter at extreme density. We highlight recent calculations of neutrino rates in 
dense color superconducting phases of quark matter. We present a brief discussion 
of how these differences may affect the early evolution of a neutron star. 

1. Introduction 

Neutrinos play an important role in stellar evolution. By virtue of their 
weak interactions with matter neutrinos provide a mechanism for energy 
loss from the dense stellar interiors. In neutron stars, neutrino emission 
is the dominant cooling mechanism from the their birth in a supernova 
explosion until several thousand years of subsequent evolution. In this 
talk, we present an overview of some of the nuclear/particle physics issues 
that play a role in understanding the rate of propagation and production of 
neutrinos inside neutron stars. The calculation of these rates are of current 
interest since several research groups are embarking on large scale numerical 
simulations of supernova and neutron star evolution Even moderate 
changes in the nuclear microphysics associated with the weak interaction 
rates at high density can impact macroscopic features that are observable. 

'This work is supported by dept. of energy contract w7405-eng-36 
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An understanding of the response of strongly interacting nuclear medium 
to neutrinos and its impact on neutron star evolution promises to provide 
a means to probe the properties of the dense medium itself. 

In $2, we present a brief introduction to the macroscopic aspects of 
neutrino transport in a newly born neutron star. The discussion relating 
to neutrino-matter interactions is organized into two sections: (i) neutrino 
interactions in dense matter containing nuclei , nucleons and leptons ($3) 
and (ii) neutrino interactions in exotic new phases that are likely to occur 
in the dense inner core of the neutron star ($4). 

2. Early evolution of the proto-neutron star 

Successive nuclear burning from lighter to heavier elements, which fuels 
stellar evolution, inevitably results in the formation of a iron core in massive 
stars (M 2 8Mo). Since iron is the most stable nucleus, further energy 
release through nuclear burning is not possible. The Fe-core is supported 
against gravitational collapse by the electron degeneracy pressure. When 
the mass of the Fe-core exceeds the Chandrashekar mass (M& N 1.4M,), it 
becomes unstable to gravitational collapse. Detailed numerical simulations 
indicate that the core collapses, from its initial radius Ri, N 1500 km 
to a final radius Rj, N 100 km on a time-scale similar to the free-fall 
time-scale Tfree-fall N 100 ms. Soon after the onset of collapse, the core 
density exceeds 10l2 g/cm3 and the matter temperature T N 5 MeV. Under 
these conditions, thermal neutrinos become trapped on the dynamical time- 
scale of collapse. Consequently, collapse is nearly adiabatic. The enormous 
gravitational binding energy-B.E.GraV. N GMNS/RNs N 3 X ergs, is 
stored inside the star as internal thermal energy of the matter components 
and thermal and degeneracy energy of neutrinos. The newly born neutron 
star looses this energy on a time-scale determined by the rate of diffusion 
of neutrinos 2,3. The illustration in Fig.1, shows the important stages of 
core-collapse and the birth of the proto-neutron stars. Neutrinos emitted 
from the proto-neutron star can be detected in terrestrial detectors such as 
Super Kamiokande and SNO. Current estimates indicate that we should see - 10,000 events in Super Kamiokande and N 1000 events in SNO from a 
supernova at the center of our galaxy4 (distance=8.5 kpc) . Understanding 
the micro and macro-physics that affects the spectral and temporal features 
of the neutrino emission is primarily motivated by this prospect. Supernova 
neutrinos are the only direct probes of both the dynamics of gravitational 
collapse and the properties of dense matter inside the .newly born neutron 
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Supernova Neutrinos - a (proto) neutron star is born 

km 

Proto-neutron 

Figure 1. Schematic showing the various stages of a corecollapse supernove explosion. 

star. Since the neutrino emission time scale is set by neutrino diffusion, 
the duration over which we should expect to see neutrinos in terrestrial 
detectors is intimately connected with the neutrino opacity of matter inside 
the neutron star. We now turn to address micro-physical aspects of neutrino 
cross sections in dense matter. 

3. Neutrino Interactions in Nucleonic Matter 

It was realized over a decade ago that the effects due to degeneracy and 
strong interactions significantly alter the neutrino mean free paths and neu- 
trino emissivities in dense matter 5 7 6 ,  it is only recently that detailed calcu- 
lations have become available 718,9910711J2. The scattering and absorption 
reactions that contribute to the neutrino opacity are . 

v e  + n  + e- + p ,  pe + p  + e+ + n ,  
vx + A  vx + A ,  vx + n(p) -, vx + n ( p )  , vx + e- -, vx + e-, 

where n, p ,  e*, A represent neutrons, protons, positrons, electrons and 
heavy Fe-like nuclei, respectively. At low temperature (T 2 3 - 5 MeV) and 
relatively low density ( p  N 10l2 - 1013 g/cm3, heavy nuclei are present and 
dominate the neutrino opacity due to coherent scattering. When the den- 
sity is higher, p 3: 1013 - 1014 g/cm3, novel heterogeneous phases of matter, 
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called the ”pasta” phases have been predicted to occur, where nuclei be- 
come extended and deformed progressively from spherical to rod-like and 
slablike configuration~l~. For densities greater than l O I 4  g/cm3, matter is 
expected to be a homogenous nuclear liquid. In what follows, we discuss 
the neutrino opacity in these different physical settings. 

3.1. p N 10l2 9/cm3: 

At low temperature (2’ 5 5 MeV), matter at these densities comprises of 
heavy nuclei (fully ionized), nucleons and degenerate electrons. Since the 
supernova matter is typically neutron rich, protons are mostly confined to 
nuclei and there is a small excess of free neutrons present outside nuclei. The 
typical inter-particle distance, d N 20 - 40fm. At these large distances, the 
nuclear force is small and the correlations between particles is dominated 
by the coulomb interaction. Since nuclei carry a large charge (2 ci 25) , the 
coulomb force between nuclei FCoulomb E Z2e2/d dominates the non-ideal 
behavior of the plasma. Further, since low energy neutrinos can coherently 
scatter off the nuclei, which carry a total weak charge Qw 25 - 40, neutrino 
scattering off nuclei is far more important than processes involving free 
nucleons and electrons 14. 

The elastic cross-section for low energy coherent scattering off a nucleus 
(A,Z) with weak charge Qw = A - Z + Zsin2 Ow, where Ow is the weak 
mixing angle, is given by14 

du 1 
dcos9 16n 
-- - - Gg Q$ E; (1 + C O S ~ )  

When neutrinos scattering off nuclei in a plasma we must properly account 
for the presence of other nuclei since scattering from these different sources 
can interfere. In the language of many-body theory, this screening is en- 
coded in the density-density correlation function 5,6. To make concrete, 
the relation to the density-density correlation function we begin by noting 
that the effective lagrangian describing the neutral current interaction of 
low energy neutrinos with nuclei is given by 

where 1, = Py,(l - 7 5 ) .  is the neutrino neutral current. Since nuclei are 
heavy, their thermal velocities are small, t~ << c, and it is good approxima- 
tion to write the neutral current carried by the nuclei as j ,  = $t$ 6;. For 
simplicity, we will assume that nuclei are bosons characterized only by their 
charge and baryon number. Using Fermi’s golden rule, we can calculate the 
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neutrino cross sections from Eq.2. In matter, it is appropriate to define a 
cross section per unit volume rather than cross section off a single target 
particle since more than one &get particle contributes to the response. We 
can write the differential cross section per unit volume in terms of the den- 
sity operator in momentum space p ( f , t )  = $+$ = Ci=l...N exp(iq'-r'i(t)), 
where i = 1 . - N is the particle index. The cross section for scattering of 
a neutrino with energy transfer w and momentum transfer if is given by 

where ~(lq'l,w) = 1 dt exp(iwt)(p(q'; t )P(- -C 0)) . (4) 

The function S(lql,w) is called the dynamic form factor and embod- 
ies all spatial and temporal correlations between target particles arising 
from strong or electromagnetic interactions. The ion-ion correlations are 
mainly due to the Coulomb interaction. To calculate the dynamic struc- 
ture function we need to solve for the dynamics (r'(t)) of the,ions as 
they move in the each others presence, interacting via the two body ion- 
ion interaction potential. The electrons are relativistic and degenerate, 
the time-scales associated with changes in their density distribution are 
rapid compared to the slow changes we expect in the density field of the 
heavy ions. The leading effect of the electrons is therefore to screen the 
Coulomb potential. Consequently, the ions interact through the potential 
V ( r )  = Z2e2 exp(-r/Ae)/(4nr), where A, is the electron Debye screening 
length. At 10l2 g/cm3, where the inter-ion distance d 5 30 fm and A, 2 80 
fm, the typical ion-ion interaction energy, Epot II Z2e2/(4nd) is large. For 
temperature in the range 1 - 5 MeV, the ratio of the potential energy to 
the kinetic energy, which is characterized by I? = Z2e2/(4nd IcT) >> 1. 

The dynamics of a strongly coupled plasma is not amenable to ana- 
lytic methods of perturbation theory, nor are they tractable in approximate 
non-perturbative methods such as mean field theory or the Random Phase 
Approximation (RPA). For a classical system of point particles interact- 
ing via a 2-body potential it is possible to simulate the real system. Such 
simulations confine N particles to a box with periodic boundary conditions 
and calculate the force on each particle at any time and evolve the particles 
by using their equations of motion (Force = Mass x Acceleration). This 
method, which goes by the name molecular dynamics (MD), has been used 
extensively in condensed matter physics, plasma physics and chemistry 16. 
For T 2 1 MeV, the De-broglie wavelength AD << d so the ionic gas is 
classical and we can use MD to calculate S(lq'l, w). Fig.2 , shows the results 
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Figure 2. Dynamic structure function of a plasma of ions interacting as a function of 
energy transfer w (measured in units of the plasma frequency w, = 0.2 MeV) and fixed 
momentum transfer 14 = 6n/L = 18.6 MeV. 

of such a calculation. We chose to simulate 54 ions (A=501Z=25) in a box 
of length L = 200 fm. The background electron density was chosen so as to 
make the system electrically neutral. For the classical simulations, a single, 
dimensionless, number characterizes r = Z2e2/(4nd kT) characterizes the 
system. For kT = 1 MeV, I' N 35 for our system - corresponding to a 
strongly coupled plasma. The results in Fig.2 show a comparison between 
results obtained by MD simulations (dots with error bars) , free (Boltz- 
mann) gas response (dashed-line) and response obtained using Random 
Phase Approximation (RpA). Details regarding the W A  will be discussed 
in more detail in the subsequent sections. For now, we simply note that 
in RPA, Coulomb interactions are accounted for by selective re-summation 
of bubble graphs involving free excitations which interact via the Coulomb 
interaction. In particular, RPA is able to correctly predict the presence 
of well defined collective mode, corresponding to a phonon in the weak 
coupling regime (I' 5 1) and is often expected to provide a fair descrip 
tion of the long-wavelength response of correlated systems. However, as 
the comparison in Fig.2 indicates, both RPA and the free gas response do 
poorly compared to MD. MD is exact in the classical limit and corrections 
to the classical evolution are small and expected to scale as XD/d. These 
results clearly illustrate that correlations can greatly affect the shape of the 
response and that approximate many-body methods such as RPA can fail 
when the coupling is strong, even at long-wavelengths. 
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3.2. p N 1013 g/cm3: 

With increasing density, the nuclei get bigger and the inter-nuclear dis- 
tance become smaller. Under these conditions, the nuclear surface and 
coulomb contributions to the Free energy of the system become important.. 
It becomes energetically favorable for nuclei to become very deformed and 
assume novel, non-spherical, shapes such as rods and slabs 13.  Further, the 
energy differences between these various shapes are small AE N 10 - 100 
keV. The dynamics of such an exotic heterogeneous phase is a complex 
problem involving all imaginable scales and forces in the problem. For 
temperatures of interest, T 5 5 MeV, the De-Broglie wavelength and the 
interparticle distance are comparable and quantum effects cannot be ne- 
glected. Recently, there have been attempts to model the behavior of these 
pasta phases using quantum molecular dynamics17 and also find rod and 
slab like configurations. 

How does the heterogeneity and existence of several low energy exci- 
tations involving shape fluctuations influence the response of this phase 
to neutrinos ? In the simplest description, the structure size ( r )  and the 
inter-structure (R)  distance characterize the system. We can expect that 
neutrinos with wavelength large compared to the structure size but small 
compared to the inter-structure distance can couple coherently to the total 
weak charge (excess) of the structure, much like the coherence we discussed 
in the previous section. The effects of this coherent enhancement in the neu- 
trino cross-sections has recently been investigated 18 .  In agreement with 
our naive expectation, this study finds that the neutrino cross sections are 
enhanced by as much as an order of magnitude for neutrinos with energy 
l / r  2 E, 2 1/R. In 84.1, we discuss similar effects in a higher density het- 
erogeneous mixed phase composed of nuclear matter and novel high density 
phases such as quark matter. 

3.3. p N 1014 9/cm3: 

With increasing density, the novel structures discussed previously merge 
to form a homogeneous liquid of neutrons, protons and electrons. 
The response of such a Fermi-liquid has been investigated by several 
authors7~9~10~11~12. The general expression for the differential cross section 
7,lO 

- 
1 d 3 a  - 
V d2R3dE3 1 2 8 1 ~ ~  E1 T 
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where the incoming neutrino energy is E1 and the outgoing electron energy 
is E3. The factor [l -e~p((-qo-p2+p4)/T)]-~ maintains detailed balance, 
for particles labeled '2' and '4' which are in thermal equilibrium at temper- 
ature T and in chemical equilibrium with chemical potentials 112 and p4, 

respectively. The final state blocking of the outgoing lepton is accounted 
for by the Pauli blocking factor (1 - f3(E3)). The lepton tensor Lap9 and 
the target particle retarded polarization tensor II,p is given by 

Above, k, is the incoming neutrino four-momentum and qp is the four- 
momentum transfer. In writing the lepton tensor, we have neglected the 
electron mass term, since typical electron energies are of the order of a 
few hundred MeV. The Greens' functions G,(p) (the index i labels particle 
species) describe the propagation of free baryons at finite density and tem- 
perature. The current operator J ,  is 7, for the vector current and 7,75 for 
the axial current. 

To account for the effects of strong and electromagnetic correlations be- 
tween target neutrons, protons and electrons we must find ways to improve 
I Ia,p. This involves improving the Greens functions for the particles and the 
associated vertex corrections that modify the current operators. In strongly 
coupled systems, these improvements are notoriously difficult and no exact 
analytic methods exist. One usually resorts to using mean-field theory to 
improve the Greens functions and the random-phase approximation (FU'A) 
which effectively can be thought of as a vertex correction. Within RPA, 
the polarization tensor 

nRPA = ITMF + I I ~ ' ~ D I I M F  , (7) 

where D denotes the interaction matrix and IIMF is the polarization tensor 
in Eq.6 but with the Green's functions computed in the mean-field approx- 
imation (see lo for more details). The neutrino mean free paths computed 
in RPA tend to roughly a factor 2-3 times larger than in the uncorrelated 
system lo. The underlying reason for this being repulsive forces in the 
spin-isospin channel that suppress the axial response at low energies''. 

4. Neutrino Interactions in Novel Phases at High Density 

In this section we explore how phase transitions impact the weak interaction 
rates. Novel phases of baryonic matter are expected to occur at densities 
accessible in neutron stars. These new phases include pion condensation, 



February 6, 2004 13:29 WSPC/Trim Size: 9in x 6in for Proceedings Reddy’Korea2003 

9 

kaon condensation, hyperons and quark matter. An understanding of how 
these phases might influence neutrino propagation and emission is necessary 
if we are to enquire if these phase transitions occur inside neutron stars. We 
consider three specific examples of phase transitions: (i) generic first order 
transitions; (2) superconducting quark matter and (3) color-flavor locked 
superconducting quark matter to explore and illustrate the modification of 
neutrino rates in the novel high density phases of matter. 

4.1. Heterogeneous Phases: Eflects of First Order 
Transitions 

First order phase transitions in neutron stars can result in the formation of 
heterogeneous phases in which a positively charged nuclear phase coexists 
with a negatively charged new phase which is favored at higher densities 
19. This is a generic feature of first order transitions in matter with two 
conserved charges. In the neutron star context these correspond to baryon 
number and electric charge. The pasta phase at sub-nuclear density, which 
was discussed earlier, where positively charged nuclei coexist with nega- 
tively charged neutron rich matter containing electrons is a more familiar 
example of such a transition region. This mixed, heterogeneous, phase ex- 
ists over a finite interval of pressure, unlike a mixed phase for a system with 
one conserved charge. Consequently, mixed phases in neutron stars occupy 
a finite spatial extent and understanding how neutrinos propagate through 
them becomes a relevant and interesting question. 

Reddy, Bertsch and Prakash 2o have studied the effects of heterogeneous 
phases on v-matter interactions. Based on simple estimates of the surface 
tension between nuclear matter and the exotic phase, typical droplet sizes 
range from 5 - 15 fm, and inter-droplet spacings range up to several times 
larger. The propagation of neutrinos whose wavelength is greater than the 
typical droplet size and less than the inter-droplet spacing, i.e., 2 MeV 5 
E, 5 40 MeV, will be greatly affected by the heterogeneity of the mixed 
phase, as a consequence of the coherent scattering of neutrinos from the 
matter in the droplet. 

The Lagrangian that describes the neutral current coupling of neutrinos 
to the droplet is 

where J g  is the neutral current carried by the droplet and the total weak 
charge enclosed in a droplet of radius r d  is Qw. For non-relativistic 
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droplets, Jg = p(z) Po has only a time like component. Here, p 
is the density operator for the droplet and the form factor is F ( q )  = 

The differential cross section for neutrinos scattering from an isolated 
droplet is then 

(l /Qw) J: d3z p(z) sinqz/qz. 

du E; -- - -G$Qk(l+ cos8)F2(q). 
dcose 1 6 ~  (9) 

In the above equation, E,, is the neutrino energy and e is the scatter- 
ing angle. To properly account for the presence of the other droplets in 
the medium we must calculate the droplet-droplet correlation function or 
S($,u) as was described in s3.1. However, such a calculation is yet to be 
done for this complex system. In what follows we adopt a simple mean-field 
prescription to account for screening due to multiple droplet scattering2'. 
This amounts to replacing the form factor as follows 

The neutrino-droplet differential cross section per unit volume then follows: 

E," FQW(l + cos8)P2(q). - N o  -G2 
1 do 
V dcos8 16w 

Note that even for small droplet density N o ,  the factor Q$ acts to enhance 
the droplet scattering. Models of first order phase transitions in dense mat- 

1000 r 

100 

10 r 
E 

m' . 
- -  
A .  - 
e 1:  

0.1 

l * " I ' " I " I ' ' '  

np0.7 fm-S 
T = 10 MeV 

Figure 3. Neutrino mean free path as a function of neutrino energy in a quark - hadron 
mixed phase. For comparison, the mean free path in uniform neutron matter at the same 
temperature and density are shown by dashed curve. 
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ter provide the weak charge and form factors of the droplets and permit the 
evaluation of v-droplet scattering contributions to the opacity of the mixed 
phase. For the results shown in Fig.3, the quark droplets are characterized 
by r d  - 5 fm and inter-droplet spacing 2Rw N 22 fm, and an enclosed weak 
charge Qw N 850. For comparison, the neutrino mean free path in uniform 
neutron matter at the same 12b and T are also shown. It is apparent that 
there is a large coherent scattering-induced reduction in the mean free path 
for the typical energy E, N KT. At much lower energies, the inter-droplet 
correlations tend to screen the weak charge of the droplet, and at higher 
energies the coherence is attenuated by the droplet form factor. 

4.2. Effects  of Quark Superconductivity 

Although the idea of quark pairing in dense matter is not new 21, but it is 
only recently that its role in the context of the phase diagram of QCD 22 has 
been appreciated. Model calculations, mostly based on four-quark effective 
interactions, predict the restoration of spontaneously broken chiral symme- 
try through the onset of color superconductivity at low temperatures. They 
predict an energy gap of A N 100 MeV for a typical quark chemical poten- 
tial of pq N 400 MeV. In this section, we address how neutrinos propagate 
in superconducting and superfluid quark matter. 

As discussed earlier, the main task will be to compute the equivalent of 
the current-current correlation function defined in Eq.6 for the supercon- 
ducting quark phase. This was addressed by Carter and Reddy 23. The free 
quark propagators are naturally modified in a superconducting medium. As 
first pointed out by Bardeen, Cooper, and Schrieffer several decades ago, 
the quasi-particle dispersion relation is modified due to the presence of a gap 
in the excitation spectrum. In calculating these effects, we will consider the 
simplified case of QCD with two quark flavors which obey S u ( 2 ) ~  x S u ( 2 ) ~  
flavor symmetry, given that the light u and d quarks dominate low-energy 
phenomena. Furthermore we will assume that, through some unspecified 
effective interactions, quarks pair in a manner analogous to the BCS mech- 
anism. Since the scalar diquark (in the 3 color representation) appears 
to always be the most attractive channel, we consider the anomalous (or 
Gorkov) propagator 

, 



February 6, 2004 13:29 WSPC/Trim Size: 9in x 6in for Proceedings Reddy'Korea2OO3 
- 

12 

Here, a, b are color indices, f, g are flavor indices, Eabc is the usual anti- 
symmetric tensor and we have conventionally chosen 3 to be the condensate 
color. This propagator is also antisymmetric in flavor and spin, with C = 
-27072 being the charge conjugation operator. The normal quasi-particle 
propagators are given as 

This is written in terms of the particle and anti-particle projection operators 
A+(p)  and R - ( p )  respectively, where A*(p) = (1 f 'yoT.$)/2. The quasi- 
particle energy is cp = J(W - ~ 1 ) ~  + A2, and for the anti-particle cp = 
J ( l P l +  PY + A2. 

The appearance of an anomalous propagator in the superconducting 
phase indicates that the polarization tensor gets contributions from both 
the normal quasi-particle propagators Eq. 13 and anomalous propagator 
Eq.12. 

Fig.4 shows the results for the neutrino mean free paths in the 2 flavor 
superconducting quark phase. The ratio of the mean free path in the su- 
perconducting phase to that in the normal phase is shown right panels. 
With increasing A, the gap in the quasi-particle excitation spectrum results 
in an exponential attenuation of the scattering response function resulting 
enhancement in an enhancement in the mean.free paths seen in the figure. 

4.3. Neutrino Interactions with Goldstone bosons 

The discussion in the preceeding section assumed that there were no low 
energy collective exciations to which the neutrinos could couple. This is true 
in the 2 flavor superconducting phase of quark matter. For three flavors 
and when the strange quark mass is negligible compared to the chemical 
potential the gorund state is characterized by pairing that involves al l  nine 
quarks in a pattern that locks flavor and color 24. 

From the discussion in the previous section we can expect significant 
differences in the weak interaction rates between the normal and the CFL 
phases of quark matter since the latter is characterized by a large gap in 
the quark excitation spectrum. However, diquark condensation in the CFL 
phase breaks both baryon number and chiral symmetries. The Goldstone 
bosons that arise as consequence introduce a low lying collective excitations 
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to the otherwise rigid state. Thus, unlike in the normal phase where quark 
excitations near the Fermi surface provide the dominant contribution to 
the weak interaction rates, in the CFL phase, it is the dynamics of the low 
energy collective states- the Goldstone bosons that are relevant 25726927. 

The massless Goldstone boson associated with spontaneous breaking of 
U(1)B couples to the weak neutral current. This is because the weak isospin 
current contains a flavor singlet component. We should expect this mode to 
dominate the response because the psuedo-Goldstone modes arising from 
chiral symmetry breaking have non-zero masses. The amplitude for pro- 
cesses involving the U(1)B Goldstone boson H and the neutrino neutral 
current is given by 

where i j ,  = (E,v2$ is the modified four momentum of the Goldstone 
boson. The decay constant for the U(1)B Goldstone boson has also been 
computed in earlier work and is given by f& = 3p2/(S7r2). 

Neutrinos of all energies can absorb a thermal meson and scatter into 
either a final state neutrino by neutral current processes like v+H t v and 
.v + 7ro t v or via the charged current reaction into a final state electron by 
the process v, + 7r- 4 e-. These processes are temperature dependent as 
they are proportional to the density of mesons in the initial state. Mean free 
path due to these processes, which we collectively refer to as Cherenkov ab- 
sorption can be computed. Reactions involving the H boson dominate over 
other Cherenkov absorption processes due to their larger population and 
stronger coupling to the neutral current. In contrast to processes involv- 
ing the emission or absorption of mesons by neutrinos, the usual scattering 
process involves the coupling of the neutrino current to two mesons. As 
noted earlier, the amplitude for these processes vanishes for the H meson 
and is suppressed by the factor p /  fT where p is the meson momentum for 
the flavor octet mesons. The figure below shows the contribution of all 
Goldstone boson-neutrino processes contributing to the neutrino mean free 
path in the CFL phase including the dominant contribution arising from 
processes involving the massless mode 25. It is interesting to note that 
the existence of one mass-less mode compensates for the large gap in the 
particle-hole excitations spectrum. The contrast between the findings of 
the previous section wherein no low energy Goldstone modes coupled to 
neutrino to those presented here is striking. Mean free path in the CFL 
phase is surprisingly similar to that in normal, non superconducting, quark 
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Figure 4. 
The neutrino energy E, = nT and is characteristic of a thermal neutrino. 

Neutrino mean free path in a CFL meson plasma as a function of temperature. 

phase. 

5. Discussion 

In the simplest scenario, where rotation, magnetic fields and convection are 
ignored, the temporal structure of the neutrino emission is directly related 
to the neutrino mean free path in the inner core of the newly born neutron 
star. The detection of neutrinos from a galactic supernova in terrestrial 
detectors such as Super Kamiokande will provide detailed information re- 
garding the temporal structure, This prospect, motivates theory to address 
neutrino propagation in hot and dense matter. Calculations of neutrino 
mean free path and emission rates in dense matter remains a challenging 
problem. While there has been some progress in understanding the quali- 
tative aspects of the response of dense matter to neutrinos, reliable quanti- 
tative calculations of neutrino mean free paths in dense nuclear and other 
novel phases of matter are yet to be performed. First principles calculations 
of the linear response of strongly correlated systems is a difficult problem, 
with limited success, and a long history in condensed matter, nuclear and 
particle physics. However, the prospect of probing the phase structure 
of matter at the most extreme densities through neutrinos from the next 
galactic supernova is compelling motivation to pursue these efforts. I hope 
this article has provided a glimpse of the promise and difficulties associated 
with this enterprise. 
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