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Neutrino interactions in hot and dense matter. 
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Neutrino Scattering in  Hot Neutron Stars

core

outer core

mixed phase

neutrino sphere 1012-1013 g/cm3 and T~ 5-10 MeV
hot non-degenerate nucleon gas + few nuclei.

1013-1014 g/cm3 and T~ 5-30 MeV

1014 - 5x1014 g/cm3 and T~ 5-50 MeV
partially degenerate nucleons + nuclei.

nuclear matter - Fermi liquid

> 5x1014 g/cm3 Unknown.
Hyperons? Quark Femi-liquid?
Quark Superconductor? 
Quarkyonic Matter? 



Neutrino Interactions in Dense Matter
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The lepton tensor is

L
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where q
µ = p

µ
1 � p

µ
3 = p

µ
4 � p

µ
2 is the energy-momentum transfer from the leptons to the baryons. In our case since

particle 1 is a neutrino m1 ⇡ 0 and m3 = ml where ml is the final charged lepton, ml = me for electrons and ml = mµ

muons, in the final state. The upper sign is for neutrinos while the lower sign is for antineutrinos, due to their left
and right handed character. We use the standard Feynman slash notation, where a slash denotes contraction of a
four-vector with the gamma matrices.

Inspecting the kinematics of the leptons gives the allowed range of values for the energy and momentum transfer
to the nucleons for given four-momentum of particle 1,

q =
q

p
2
1 + p

2
3 � 2p1p3µ13 (8)

q0 = E1 � E3 , (9)

where µ13 is the cosine of the angle between the momentum vectors of particles one and three and pi is the magnitude
of the momentum of particle i. The maximum and minimum values of this expression shows that the allowed range
of momentum transfers to be |p1 � p3| < q < p1 + p3. When both particles one and three are massless, these relations
imply q

2
µ < 0 and |q0| < q < 2E1 � q0, but these constraints do not hold for charged current reactions in which the

final state lepton mass cannot be neglected.
The hadronic part of the matrix element is well known in the case of free nucleons, and including mean field

corrections in the nucleon spinors only slightly alters its structure. The necessary modifications to the spin-sums are
described in Appendix B. Then, the baryon contribution to the matrix element in the mean field approximation is
given by
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Here p̃
µ
2 = (E⇤

2 , ~p2), p̃
µ
4 = (E⇤

4 , ~p4), q̃
µ = p̃

µ
4 � p̃

µ
2 , and E

⇤
i =

p
p
2
i + (M⇤

i )2. In the presence of background mean fields,
the nucleon energies E2 = E
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We can now recast the absorption rate in Eq. 5 as
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as in [20] where (1 � exp (�(q0 + �µ)/T ))�1 is the detailed balance factor for charged current reactions and �µ =
µ2 � µ4. The nuclear part is now factored and contained in the tensor
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where E
⇤
k+q =

q
(~k + ~q)2 + (M⇤

4 )2 and in the second line we have employed the momentum space Dirac delta function.
Eq. 11 together with Eq. 12 can be used to calculate the charged current opacity. This would include corrections

due to mean field potentials, relativistic kinematics and weak magnetism. We calculate Iµ⌫ in detail in section II B,
but first we show that the same result can be found from linear response theory.

A. The Charged Current Polarization Tensor

The neutrino absorption rate in nuclear matter can be calculated using linear response theory because at leading
order in the weak interaction, the nucleonic and leptonic parts factorize. For the weak interaction Lagrangian in Eq. 1
linear response theory predicts [18, 30]
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tensor. The correct inclusion of these extra terms is likely to impact the response of the medium when correlations
are included through the RPA (see below). 3) They neglected weak magnetism corrections, which can be important
for predicting the di↵erence between electron neutrino and electron anti-neutrino spectra and nucleosynthesis in the
neutrino driven wind, as well as the deleptonization rates of protoneutron stars [29].

As a base line for future studies that would include correlations, we derive for the first time the charged current
absorption rates for electron neutrinos which include all of the following e↵ects: 1) di↵erent mean-field potential
energy shifts for neutrons and protons in neutron-rich matter; 2) relativistic contributions to the nucleon charged
currents; 3) weak magnetism; and 4) e↵ects due to the violation of the isospin symmetry, and consequently the lack of
conservation of the nucleon charged current in asymmetric matter [28]. We provide derivations of these results both
from the perspective of Fermi’s Golden Rule, and in the language of finite temperature quantum field theory. In the
neutral current limit, these expressions reduce to those given in [22]. A library for calculating neutrino interaction
rates based on this work is available at https://bitbucket.org/lroberts/nuopac.

The paper is structured as follows: In section II, we derive the general form of the charged current opacity from
Fermi’s Golden Rule. In section II A, we calculate the full charged current polarization tensor and show that its
imaginary part agrees with the Fermi’s Golden Rule results. We then present practical representations of the response
in section II B. We also discuss some approximations to the charged current absorption rate in section II C. In section
III, we present limiting forms of the rates and assess the impact of the new terms. Throughout, we set ~ = c = kB = 1
and use a metric with signature (+ � ��).

II. CHARGED CURRENT OPACITY

The charged current interaction at low energies is described by the Fermi weak interaction Lagrangian
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is the nucleon charged current which includes the vector, axial vector, and weak magnetism contributions, characterized
by coupling strengths gV = 1, gA = 1.26, and F2 = 3.71, respectively, and M = (Mn + Mp)/2 = 938.9 MeV and
Mp, Mn are the proton and neutron masses, respectively. Here, the currents are written using Dirac spinors  i, l and
⌫ and the � matrices are in the Dirac basis with �5 = i�

0
�
1
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2
�
3 and �
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the two-particle process, l1 + N2 ! l3 + N4, where l1 and l3 are the initial and final state leptons, and N2 and N4

are the initial and final state nucleons, respectively, can be calculated from Fermi’s Golden Rule. In the relativistic
formalism, the di↵erential cross-section for the process 1 + 2 ! 3 + 4 is given by
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where vrel is the relative velocity between particles in the initial state,
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is the Lorentz invariant phase which includes e↵ects due to Pauli blocking of the final states and h|M |
2
i is the square

of the matrix element – averaged over initial spin states and summed over the final spin states. The di↵erential
absorption rate for a neutrino with energy E1 in the medium where the density of the particle 2 is n2 is given by

d�(E1) = hn2 vrel d�i = 2

Z
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where f2 is the distribution of the particle 2 in the medium and the factor of 2 on the RHS accounts for its spin
degeneracy. The distribution functions fi are assumed to be Fermi-Dirac distributions characterized by chemical
potential µi and temperature T . Using the standard decomposition of the square of weak matrix element for free
nucleons in terms of the lepton tensor and the baryon tensor, we find that
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where Lµ⌫ is the lepton tensor defined earlier in Eq. 7,
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canonical partition function. The relationship in Eq. 14 between the correlation function and the dynamic structure
factor is often called the fluctuation-dissipation theorem [31, 32].

This correlation function encodes all of the complexities associated with interaction between nucleons in the plasma
and is in general di�cult to calculate. When nucleons are treated as non-interacting particles, the polarization tensor
can be calculated using the free single particle Greens functions. We use the imaginary time formalism [33], where
the free nucleon propagator at zero chemical potential is given by
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where the �a represent di↵erent interaction vertices (i.e. CV �
µ, etc.), i!m is a Bosonic Matsubara frequency, and
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Using the Matsubara sum results from appendix C and the baryon tensor portion of the weak interaction matrix
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lccµ = l̄�µ(1� �5)⌫l

lncµ = ⌫̄�µ(1� �5)⌫ jµnc =  ̄i (�
µ(Ci

V � Ci
A�5) + F i

2
i�µ↵q↵
2M

)  iScattering:

Absorption:

Rate:

Dynamic structure function:

Polarization functions:

Sawyer (1970s), Iwamoto & Pethick (1980s), 
Burrows & Sawyer, Horowitz & Wehrberger, Raffelt et al., Reddy et al. (1990s),  

Benhar, Carlson, Gandolfi, Horowitz, Lavato, Pethick, Reddy, Roberts, Schwenk, Shen, and others  (2000s)

difficult to calculate in general due to the non-perturbative nature of strong interactions.



Linear Response
Perturbation: Response:

Hint =

Z
d3x O(x) �ext(x, t)

Response function (Polarization function
or Generalized Susceptibility)

Response to static and uniform perturbations is related to 
thermodynamic derivatives.   

�ext(~q ! 0,! = 0) = �µ

perturbation can be viewed as a change in the chemical potential 

�⇢(~q,!) = ⇧R(~q,!) �ext(~q,!)

⇧R(~q,!) =
�i

~

Z
dt ei!t ✓(t) h[O(�~q, t),O(~q, 0)]i

n = hO(0, 0)iwhere is the associated density.  ⇧R(0, 0) =

✓
@n

@µ

◆

T
Compressibility sum-rule:



Dynamic Structure Factor

S(~q,!) =

Z
dt ei!t

hO(�~q, t)O(~q, 0)iA simpler correlation function 

K = H� µ Nwhere  Kn are eigenvalues of  (grand canonical Hamiltonian)

S(~q,!) = �2~ Im ⇧R(~q,!)

1� e��~!Fluctuation-dissipation theorem:

= 2⇡~
X

m,n

e�Kn

Z
|hn|Oq|mi|

2 �(Kn �Km � ~!)

The dynamic structure factor incorporates all of the many-body effects 
into the neutrino scattering and absorption rates. 



Sq =

Z 1

�1

d!0

2⇡
S(q,!0)Static structure factor:

F-sum rule:

Compressibility sum-rule:

Z 1
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Sum Rules



Neutrino-Nucleon Scattering
jµnc =  

† �µ0 + †�k �µk +O[
p

M
]Nucleon currents in the non-relativistic limit:

density spin-density

d�(E1)

d⌦dE3
=
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4⇡2
E2

3

⇥
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V (1 + cos ✓13)S⇢(!, q) + C2
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dynamic response 
functions

Integrate over the 
final neutrino energy:
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dq
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collective-modesingle-pair

S(q,!)

!
1/⌧coll

multi-particle

General Structure of the Dynamic Response

qv�qv�q q

In dense nuclear matter single-pair, multi-particle and collective modes contribute to the response.  

• At small ω response is governed by hydrodynamics. 
• Single-pair response dominates for |ω𝜏coll| >1 and  |ω|< qv.
• Multi-particle response dominates for |ω| >  qv. 
• Collective modes arise due to interactions.



Hydrodynamic Response 
In the low energy and long-wavelength limit, the density response function is given by hydrodynamics:   

Im ΠR(q, ω) =
2F2ω
3m2c2 ( (γ − 1)Γκ

ω2 + Γ2
κ

+
2Γη c2q2 − Γκ (γ − 1)(ω2 − c2q2)

(ω2 − c2q2)2 + (2ωΓη)2 )
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c is the speed of sound in the fluid, 

Γη is the damping rate due to shear-viscosity 

Γκ is the damping rate related to the thermal conductivity 

• Differential scattering rates can be related to macroscopic properties.


• Difficult to capture the spectral features using approximate 
diagrammatic calculations. 


• A simple resummation of 1p-1h diagrams called random phase 
approximation (RPA) can capture integrated quantities - angular 
distributions and total cross-sections quite well.      

Shen and Reddy (2013)
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q
E1 2E1
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! = v̄qE1
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Scattering Kinematics & Sum Rules 

Neutrinos only probe the space-like region with |!| < q

S̃↵(q) =

Z !max

�q
d! S↵(!, q) S↵(q) =

Z 1

�1
d! S↵(!, q)In general <

In practice for conserved 
currents at long-wavelengths: S̃⇢(q) ' S⇢(q)

S̃⇢(q ! 0) = S⇢(q ! 0)

At high temperature recall that  S⇢(q ! 0) = T

✓
@n

@µ

◆

T



Spin is not conserved by strong interactions  

F↵(q) =

Z
d! !S↵(!, q) =

1

2
h[O†

↵, [O↵, H]]iF-sum Rule:

F⇢(q) = n
q2

2m
F�(q) = C + ñ

q2

2m

1p-1h contribution dominates.
No time-like response.  

S̃⇢(q) =

Z !max

�q
d! S⇢(!, q) ' S⇢(q)

2p-2h contribution
Finite time-like response.  

S̃�(q) =

Z !max

�q
d! S�(!, q) < S�(q)

• Thermodynamic derivates may not be adequate to accurately describe 
the long wavelength spin response. 

• Some dynamical information is needed to calculate neutrino scattering 
rates in the medium. 



Hierarchy of length scales at T=5 MeV and ⍴ = 1012 g/cm3 
Neutrino Wavelength 

Inter-nucleon distance 

De Broglie wavelength  

Range of the n-n interaction  

⇤⌫ =
2⇡~
hE⌫i

⇡ 100 fm

a =

✓
3

4⇡nn

◆1/3

⇡ 10 fm

⇤D =
2⇡~
hpni

⇡ 4 fm

rnn ⇡ 2 fm

Neutrino Processes in the Neutrino-sphere 

•The matter is dilute, but interactions are strong and non-perturbative.  

•nucleon-nucleon scattering length is large ~ 20 fm.  

•The small expansion parameter is the fugacity z=eμ/T - virial expansion.   



Long-wavelength Response using the Virial EoS 

Assumes that scattering is elastic to include all correlations through the static structure factors.   

S̃⇢(q ! 0) = S⇢(q ! 0)

Sawyer (1975, 1979) 
Horowitz and Schwenk (2005), Horowitz et al. (2017)  

S̃⇢(q) =

Z !max

�q
d! S⇢(!, q) ' S⇢(q)

S⇢(q ! 0) = T

✓
@n

@µ

◆

T

Calculate the static structure factors using the 
compressibility or  thermodynamic sum rule    

This is a good approximation for the density response relevant to neutral current reactions in the 
neutrino sphere.    

The spin response and charged current reactions require some dynamical input.  



Pseudo-potential for Hot & Dilute Nuclear Matter
The dynamic structure factor calculable using standard diagrammatic 
“perturbation” theory - with a twist.  
Interactions represented by a pseudo-potential: 

Leading order diagram neglects 
interactions. O[z]

Includes interactions at  leading 
order. Consistent with the viral 
expansion.   

Includes 2p-2h excitations and 
2-body currents. These 
corrections are beyond the 
leading order  viral expansion.   

Energy and density shifts.  
Wave-function renormalization. 

Screening.  
Vertex  renormalization. 

Bremsstrahlung processes 

2-body or 
meson-exchange currents 

Vps /
�(prel)

prel M

O[z2 V
2
ps]

O[z2 Vps]



Dynamic Structure Factor with Pseudo-potential 

S(
ω

, q
=5

 M
eV

)/S
0  (
ω

=0
, q

=5
 M

eV
)

ω (MeV)

+ +Stotal =
nn=0.0025 fm-3, T=5 MeV

Bedaque, Reddy, Sen & Warrington (2018) 



Neutrino Scattering in the Neutrino-sphere

Bedaque, Reddy, Sen & Warrington (2018) 
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I. SCREENING OF THE WEAK VECTOR AND AXIAL CHARGES IN A LOW DENSITY GAS OF
NEUTRONS AND PROTONS

Neutrino scattering in low density matter is relevant to understanding the spectrum of neutrinos emitted from
the proto-neutron star during core collapse supernovae during neutron star mergers. At low density nucleon are
non-relativistic and the neutrino-nucleon low energy Lagrangian is given by

Lweak =
GFp

2

X

i=n,p

 †
i (C

i
V �

µ
0 � Ci

A�k�
µ
k ) i  ̄⌫�µ(1 � �5) ⌫ , (1)

where Cn
V = �1/2, Cp

V = 1/2 � 2 sin2 ✓W ⇡ 0 and Cn
A = �(1 + �S)/2, Cp

A = (1 � �S)/2 In this note I derive an
expression to calculate the corrections to these nucleon vector and axial coupling constants due to screening in the
medium.

I consider a dilute gas of neutrons and protons where strong interactions can be described by short-ranged 2-body
potentials which are spin dependent. The Feynman diagrams that account for screening at leading order in the nucleon
density are shown in Fig. 1. In what follows I will focus on particle-hole screening and return a discussion of the role

= + +
�(q)

�(q)

Vnn(q)

�2(q)

bare particle-hole screening 2-body currentDressed vertex

q̃ = (!, q)

~

~

FIG. 1. Feynman diagrams that contribute to the screening of weak charges at leading order in a density expansion.

of 2-body currents subsequently.
First, I will consider the static, long wavelength limit in which the neutrino energy and momentum transfer, denoted

by ! and q, respectively, are negligible compared to the typical energy and momentum carried by the nucleons. In
this case, the screened vector and axial coupling constants for neutrons can be written as

C̃n
V = Cn

V

✓
1 + ⇠0nn +

Cp
V

Cn
V

⇠0np

◆
, (2)

C̃n
A = Cn

A

�
1 + ⇠1nn � ⇠1np

�
, (3)

where

⇠0nj = 2

Z
d3k

(2⇡)3
V 0

nj(p, k)
@fj

@✏k
, (4)

⇠1nj = 2

Z
d3k

(2⇡)3
V 1

nj(p, k)
@fj

@✏k
, (5)

✏k = k2/2m, and V 0
nj(p, k) and V 1

nj(p, k) are the spin-independent and spin-dependent, nucleon-nucleon potentials,
respectively. Similar expressions for protons are obtained by appropriate replacement of particle labels.

I obtain a simple estimate by neglecting the momentum dependence of the nucleon-nucleon potentials

⇠0nj = V 0
nj

@nj

@µj
, (6)

⇠1nj = V 1
nj

@nj

@µj
. (7)

At low density when the nucleon momenta are small the nucleon-nucleon interaction is non-perturbative. To account
for the large scattering length and e↵ective range physics the nucleon-nucleon potential appearing should be replaced
by the pseudo-potential which is defined as

Vpseudo =
2⇡

k̃M

X

l

�l(k̃) . (8)

• Corrections due to screening, 2-body currents  and 2p-2h 
excitations are all large. No expansion parameter - results 
rely on (uncontrolled) many-body approximations.  

• Need re-summations - Random Phase Approximation or RPA. 

• Earlier work using simple models suggests that both the 
density and spin response are altered by interactions by 
factors of 2-4. 

• More systematic work with EFT-based interactions is needed. 

1014   g/cm3  uniform neutron-rich matter

Vnj

Vnj

Vnj



Spin-Response of Neutron Matter: Guidance from Quantum Monte Carlo
Going beyond RPA: Sum-rules can be calculated with QMC.  

4

chosen in such a way the finite system is close to the thermodynamic limit as described in Ref. [21]. In a non-superfluid
system, the calculation of the spin susceptibility yields the S�1

� sum-rule.
We calculate S0

� by computing the spin–dependent pair correlation function and evaluating the structure function
at q = 0. The spin correlation function is defined by

g�(r) =
1

2⇡r2⇢N

X

i<j

h |�(rij � r)�i · �j | i
h | i , (3.8)

where  is the ground state of the system. The AFDMC method is useful to compute the expectation values of mixed
operators like h T |O| i. We use Variational Monte Carlo (VMC) to extrapolate the value of operators that are given
by hOi = 2hOimix � hOivmc as described in Ref. [19, 25]. The resulting g(r) is used to obtain the structure function
S0
�(q). We show g�(r) and S0

�(q) in Fig. 1. We finally evaluate S0
� sum-rule by taking the q ! 0 limit as indicated in

Eq. (3.3).
The energy weighted-sum-rule can be calculated by the expectation value of the tensor and spin-orbit interactions

when q = 0. For the Hamiltonian of Eq. (3.5) we have

S+1
� = � 4

3N

X

i<j

(3hv3(rij)Siji+ hv4(rij)L · Si) . (3.9)

Because the variational wave function  T used as input for AFDMC contains neither tensor nor spin-orbit corre-
lations, the most accurate way to obtain these expectation values is by calculating the energy as a function of the
spin-orbit and tensor interaction strengths and using the slope of the energy with respect to these couplings to produce
the true ground-state expectation values.

These initial calculations are performed with the AV8’ NN interaction without any three-nucleon interaction. Based
upon simple estimates of the strength of the three-nucleon force, we would expect of order 10 � 20% corrections to
the sum-rules from the three-nucleon interaction. We are exploring this dependence and will report these results
separately.

In computing the ground state properties in AFDMC we neglect the role of pairing and superfluidity. This will
restrict our study to the calculation of the neutrino emissivity at temperatures that are large compared to the neutron
pairing gaps in neutron matter but still small compared to the Fermi energy. Thus, our results will be applicable to
ambient conditions in the supernova but will not apply to old neutron stars where neutron matter is likely to be below
the superfluid critical temperature. For T ⌧ � where � ⇡ 1 MeV is the superfluid gap, the number of quasi-particles
is exponentially suppressed and response is vanishingly small. In vicinity of the critical temperature, Cooper pair
breaking and formation, as well as collective modes can enhance spin-fluctuations at a frequency ! ⇡ (1 � 2)� [26].
The spin response function and the neutrino emissivity in the superfluid phase is expected to be qualitatively di↵erent
and is dominated by the pair recombination processes and the decay of finite energy collective modes [27, 28]. It may
be possible in the future to examine this regime more critically using techniques similar to those developed here.

The AFDMC results for the sum-rules are shown in Table I where the individual sum-rules and average excitation
energies defined by !̄0 = S0

�/S
�1
� and !̄1 = S1

�/S
0
� are listed. The density dependence of the S0

� sum-rule is quite
modest over the range of densities considered.

Table I: AFDMC results for the sum-rules
Density (fm�3) S�1

� (MeV�1) S0
� S+1

� (MeV) !̄0 (MeV) !̄1 (MeV)
n = 0.12 0.0057(9) 0.20(1) 8(1) 35(9) 40(8)
n = 0.16 0.0044(7) 0.20(1) 11(1) 46(11) 55(8)
n = 0.20 0.0038(6) 0.18(1) 14(1) 47(12) 78(10)

The spin susceptibilities shown in table I correspond to �/�F = 0.37, 0.34, and 0.34 for ⇢ = 0.12, 0.16, and 0.20
fm�3, where �F = mkF /⇡2 is the spin susceptibility for free fermi gas. At the lowest density this is very similar to
results obtained in [21], at the highest density our result is approximately 20 per cent lower for the susceptibility. The
di↵erence may lie in the fact that the three-nucleon force used in [21] is repulsive in unpolarized neutron matter, and
less so in spin-polarized matter.

The average energies !̄0 and !̄1 are extracted from the sum-rules as estimates for the energy of the peak of the
response, and their di↵erence is a measure of the width of the distribution. The fact that the calculated !̄0 and !̄1

are fairly similar indicates a moderately narrow peak in the response. A positive definite response requires !̄1 � !̄0.
The peaks shift to higher energy with increasing density, as expected. The tables also indicate that the strength
distribution gets more di↵use with increasing density with strength being pushed out to higher energy.

In the vicinity of nuclear density QMC 
sum-rules indicate significant strength at 

! ' 30� 50 MeV

8

To better understand the sensitivity of our results to the choice of parametrization, we have also used a simple
phenomenological form for the spin response:

S�(!) = ↵
!j

(1 + (!/!c)i)4
. (6.2)

The high frequency tail is forced to fall o↵ appropriately by choosing 4i � j = 9. The parameters ↵,!c, and i are
then fitted to the three sum-rules. This simple form assures that the response goes to zero at low frequency, has the
correct high-frequency tail, and has a single peak structure. Comparisons of the two parametrizations provide some
information on the reliability of the extracted spin response.
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Figure 2: (Color online) The spin response function S�(q = 0,!) of neutron matter at saturation density obtained by fitting
to AFDMC sum-rules using two di↵erent ansatz are shown as the black solid and dashed curves. The inset compares the fits
and the two-particle response at high energy obtained by confining two neutrons in a spherical cavity of radius 7 fm (red) or 8
fm (green). The linear, low-frequency forms predicted in Ref. [36], labeled as OPE and �PT are shown for comparison. The
dot-dot-dashed curve is obtained using the two-body approach in Eq. (5.6) with OPE.

Figure 2 shows the response function obtained by fitting the sum-rules and the high-energy response at saturation
density using the two di↵erent parametrizations, Eqs. (5.5) and (6.2). For comparison, the low-frequency form of
the structure function obtained in Ref. [36] are shown for the two choices of C̃� corresponding to the OPE and �PT
potentials discussed earlier. The form of the low-frequency response in Eq. (5.1) is valid only at ! ⌧ EF . In the
figure we also show the results from the two-body approach (described in Eq. (5.6)) in the Born approximation with
OPE. At low frequency !  EF /2, it gives similar results to the quasi-particle picture, then becomes larger at higher
frequency since it includes the exact phase space integrals. The inset compares the fits and the two-particle response
at high energy obtained by confining two neutrons in a spherical cavity of radius 7 fm (red) or 8 fm (green). The
asymptotic forms and sum-rules force significantly more strength at lower energy than obtained previously.

2p-2h Response

Simple ansatz that 
satisfies QMC sum-rules

Shen, Gandolfi , Carlson, Reddy (2012)

Sn
� =

Z 1

�1
d! !n S(!, q ' 0) !̄0 =

S0
�

S�1
�

!̄1 =
S1
�

S0
�

Energy scale is large 
compared to  

q2

2m
q ⇥ vFor 



High Density > 5 x 1014 g/cm3

•First-order transitions and mixed phases.


•Pions and pion condensation.   


•Kaon condensation. 


•Hyperons.   


•Quark Matter: Fermi-Liquid or Color 
Superconductor (Tc ~ 10-50 MeV)  

Bryce Fore and S. Reddy (2020)

Reddy (1998), Pons, Reddy, Ellis, Prakash, Lattimer  (2000)

Reddy, Prakash, Lattimer  (1998)

Carter and Reddy  (2000),  Kundu and Reddy (2004) 

Reddy, Bertsch, and Prakash (2000) 

Coherent scattering from the 
droplets is large. Greatly 
reduces the neutrino mean 
free paths.



Neutrino Scattering in Superconducting Quark Matter. 

Πμν(q0, q) = − i∫ d4p Tr[G(p + q)ΓμG(p)Γν]

Pairing modifies particle propagation. Particles 
can be absorbed or emitted from the condensate.

Energy gap modifies the energy spectrum.  

Response moves to high energy (time-like). 
Neutrino scattering is exponentially suppressed.  Carter & Reddy  (2000)



Neutrino Scattering in Superfluid Quark Matter. 

•Superfluid state has a 
Goldstone boson. 

•Neutrinos couple to 
these modes. 

•Arises naturally in RPA.

•At T << Tc this is the 
only relevant mode for 
neutrino scattering.   



Ultra Dense Matter is Opaque to Neutrinos but Transparent to Photons! 



Conclusions 

• Effects due to nuclear interactions on the density, spin, and isospin 
susceptibility impact neutrino transport and spectra in supernovae and 
mergers. 


• There is a systematic approach to calculating the dynamic structure factors at 
densities and temperatures of interest to the neutrino-sphere. 


• Sum rules from ab initio theory can be useful to construct reliable models for 
the dynamic response. 


• Phase transitions can have a strong influence on neutrino interactions.    


