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§ Hydrodynamic evolution (energy, momentum, lepton number transport)
§ Composition (proton fraction) through charged-current reactions
§ Nucleosynthesis (weak & strong r-process, νp process,…)
§ Deep probe of supernova dynamics for Earth-based detectors
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Sensitive to decoupling energies, 
luminosities,…
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Governs energies of free-streaming neutrinos

Neutrino opacity Anti-neutrino opacity

Neutrinosphere
T = 5 – 10 MeV,
n = 1011 – 1013 g/cm3,
Yp ~ 0.05 – 0.10  

Janka (2017)

Martinez-
Pinedo (2014)

Supernova neutrino opacities



§ Neutrino-nucleon scattering (weak neutral-current reaction)

§ Neutrino absorption (weak charged-current reaction)

§ Relation to response function (fluctuation-dissipation theorem):
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Differential scattering cross sections

ntot(r) = n0 + ∫ d3r′ χ(r′ − r)Vext(r′ )

 Response Function?  
   A small perturbation in homogeneous matter from an 
   external force can be treated in linear response theory 
   up to first order approximation 

 Example: Static density response function
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Neutrino reaction in hot and dense matter is given by

SV: Vector(density) structure factor 

SA: Axial vector(spin) structure factor
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Response functions in many-body perturbation theory
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Response functions in many-body perturbation theory
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§ Mean field models (Skyrme, RMF)
§ Fermi liquid theory
§ Virial expansion
§ Microscopic nuclear forces (e.g., chiral EFT)?



1. Role of nuclear mean fields
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1. Role of nuclear mean fields
Roggero, Rrapaj, Holt (2016)
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Effect on supernova neutrino energies and outflow composition

Without 
mean fields With

mean fields

Roberts, Reddy, Shen (2012)



1. Role of nuclear mean fields

§ Microscopic (HF) mean fields smaller 
than phenomenological interactions

Model Yp M⇤
n/Mn M⇤

p /Mp �Un �Up �U
HF Pseudo-potential 4.9% 0.65 0.42 22 55 33

HF Pseudo-potential (mod) 3.8% 0.78 0.57 18 42 23
HF N3LO414 2.2% 0.95 0.89 8 16 8
RMF: Z271v6 2.8% 0.96 0.96 9 22 13

Skyrme: Ska35s20-0.9 3.3% 0.98 1.0 9 26 17
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Low-resolution nucleon-nucleon interactions

§ Phase-shift equivalent potentials:
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2. Vertex corrections to response functions

Vertex corrections require off-shell matrix elements:

1st-order vertex correction

§ Especially large off-shell matrix 
elements associated with tensor force 
from 𝟏𝝅 −exchange



Response at finite temperature in beta equilibrium
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Sμν(q0, q) = −2Imχμν(q0, q)
1 − exp( − (q0 + δμ)/T)

11

dΓ(Eμ)
d cos θdq0

= G2
F

4π2 (Eμ − q0)2[c2
V(1 + cos θ)SV(q0, q) + c2

A(3 − cos θ)SA(q0, q)]

Charge Current Density Dynamic Structure Function

Consider higher order contribution

e.g. RPA

S > 0 expected 

But S < 0 for -4 < w < 0
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Caveat: nonphysical behavior in dynamic structure functions



RPA vertex corrections to response functions
4

+ +

+

+ + · · ·

+

+

FIG. 2. Diagrammatic contributions to the RPA response
function. Solid lines represent nucleons, wavy lines represent
the coupling to an external probe, and the dashed lines rep-
resent the nucleon-nucleon interaction.

FIG. 3. Vertex function in the random phase approximation.
The wavy line represents the weak current, the dashed line is
the nucleon-nucleon interaction carrying energy and momen-
tum, and the dark square is the dressed vertex. The solid
lines represent propagating nucleons.

hole diagrams in the RPA. The RPA leads to a linear in-
homogeneous integral equation for the particle-hole ver-
tex function. The discretized version of this equation
can be re-expressed [32] as a linear algebraic equation
that can be solved through matrix inversion. In the rest
of this section, we will outline the solution of the RPA
response function and present several benchmarks to test
the method.

In Figure 2, we show the class of response function
diagrams to be resummed in the RPA, which includes
all particle-hole bubble diagrams, ladder diagrams, and
combinations thereof with dressed intermediate-state
propagators in the mean field approximation. This infi-
nite set of diagrammatic contributions to nuclear matter
response functions cannot be resummed directly but in-
stead must proceed through the resummed particle-hole
density vertex function L(~k1s1; ~q !). In the case of the
charged-current density response function, the density
vertex function satisfies
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shown diagrammatically in Figure 3. For a spin-
saturated system, the vertex function for the density re-
sponse function is independent of spin. One can then
average Eq. (9) over the spin to obtain
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where for convenience we will denote the quantity
in squared brackets as V(~k,~k0), suppressing the ex-
plicit dependence on ~q. Writing the integral in Eq.
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der diagrams, one obtains the integral equation

L(~ks; ~q !) = L0(~ks; ~q !) + L0(~ks; ~q !)

⇥
X

s0

Z
d~k0

(2⇡)3
h~k~k0+~q, ss0, np|V̄ |~k+~q ~k0, ss0, pni

⇥L(~k0s0; ~q !), (9)

shown diagrammatically in Figure 3. For a spin-
saturated system, the vertex function for the density re-
sponse function is independent of spin. One can then
average Eq. (9) over the spin to obtain

L(~k; ~q !) = L0(~k; ~q !) + L0(~k; ~q !)

Z
d~k0

(2⇡)3
L(~k0; ~q !)

⇥
"

1

2

X

ss0

h~k~k0+~q, ss0, np|V̄ |~k+~q ~k0, ss0, pni
#

, (10)

where for convenience we will denote the quantity
in squared brackets as V(~k,~k0), suppressing the ex-
plicit dependence on ~q. Writing the integral in Eq.

(10) as a summation over a discrete set {~k1,~k2, . . . }
of momentum-space mesh points with associated mesh
weights {w1, w2, . . . }, one can rewrite Eq. (10) as a ma-
trix equation whose formal solution is

L =
⇥
N�1 (E + (! + i⌘)1) � V

⇤�1
B, (11)

where L is a vector with elements

L =

2

64
L(~k1; ~q !)
L(~k2; ~q !)

...

3

75 , (12)

N is a diagonal matrix with elements

N =

0

B@

f~k1,n
� f~k1+~q,p 0 · · ·
0 f~k2,n

� f~k2+~q,p · · ·
...

...
. . .

1

CA , (13)

5

FIG. 4. Imaginary part of the charged-current density re-
sponse function at 0th order (blue dots) and computed from
the RPA resummation of the direct term analytically (black
dots) and within the eigenvalue formalism described in Sec-
tion II B (red line). A smearing length ✏ = 70 ⇥ 10�4 fm�1 in
Eq. (20) is employed.

E is a diagonal matrix with elements

E =

0

B@

e~k1,n
� e~k1+~q,p 0 · · ·
0 e~k2,n

� e~k2+~q,p · · ·
...

...
. . .

1

CA , (14)

V is the matrix

V =

0

B@
w1V(~k1,~k1) w2V(~k1,~k2) · · ·
w1V(~k2,~k1) w2V(~k2,~k2) · · ·

...
...

. . .

1

CA , (15)

and B is a vector whose elements are all 1.
Our goal will be to extract the imaginary part of the

vertex function, which is related to nuclear matter dy-
namical structure functions and neutrino scattering cross
sections. In order for the imaginary part of Eq. (11) to be
nonzero, the matrix N�1(E + !1) � V must be singular,
which occurs when ! takes on the values defined by

(NV � E)|`i = !`|`i. (16)

In the vicinity of !`, one can write

[N�1(E + (! + i⌘)1) � V ]�1

=
1

h`|N�1|`i


Pr

! � !`
� i⇡�(! � !`)

�
|`ih`|, (17)

where Pr denotes the principal value. The imaginary
part of the response function is then given by

Im �RPA
⌧⇢ (~q, !) = �i⇡

X

`

hB|`i2

h`|N�1|`i�(! � !`). (18)

FIG. 5. Imaginary part of the neutral-current spin response
function at 0th order (blue dots) and computed from the RPA
resummation of the direct term analytically (black dots) and
within the eigenvalue formalism described in Section II B (red
line). A smearing length ✏ = 70 ⇥ 10�4 fm�1 in Eq. (20) is
employed.

In terms of the discrete momentum-space mesh points
and weights, we have

Im �RPA
⌧⇢ (~q, !) = �i⇡

X

`

(
P

i wi|`ii)2P
i(wi|`ii)2(wiNi)�1

�(! � !`),

(19)
where |`ii denotes the ith element of the eigenvector |`i.
In practice, the finite number of � functions in Eq. (19)
obtained by discretizing the integral in Eq. (10) must be
appropriately smeared to obtain a continuous response
function. We employ the approximation

�✏(!) =
1p
2⇡✏

e�!2/2✏. (20)

and find that it is always possible to choose a smearing
length ✏ that leads to a converged result.

The above eigenvalue method is suitable to resum both
the direct and exchange RPA bubble diagrams to all or-
ders. To benchmark the method, we consider the simpli-
fied case of iterating just the direct part of the nuclear
potential to all orders, which for a local potential V (q)
can be computed analytically through

�RPA(~q, !) =
�(0)(~q, !)

1 � V (q)�(0)(~q, !)
. (21)

In Figure 4 we show the energy dependence of the
charged-current density response function in beta-
equilibrium nuclear matter at density n = 50 ⇥
1011 g/cm3 and temperature T = 7MeV for a momen-
tum transfer q = 21 MeV assuming a scalar-isovector in-

multipair excitations

collective mode

Single-pair
excitations

Fermi gas

!

S(q ⇠ 0,!)

Local interactions resummed in the direct channel

§ RPA can account for collective modes (denominator above approaches 0)

§ RPA + HF mean field theory is a “conserving approximation” guaranteed to yield physical structure functions



RPA vertex function

L(~ks; ~q !) = L0(~ks; ~q !) + L0(~ks; ~q !)
X

s0

Z
d~k0

(2⇡)3
h~k~k0+~q, ss0, np|V̄ |~k+~q ~k0, ss0, pniL(~k0s0; ~q !)

Im�RPA
⌧⇢ (~q,!) = �i⇡

X

`

hB|`i2

h`|N�1|`i�(! � !`)

§ Discretize integral and recast as a matrix equation with eigenvectors ⟩|ℓ  and eigenvalues 𝜔ℓ

�✏(!) =
1p
2⇡✏

e�!2/2✏

§ Need to introduce smeared 𝜹-functions to account for discretization



RPA vertex corrections to response functions
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§ Neutral-current density structure factor enhanced by 
RPA correlations

§ Neutral-current spin structure function suppressed by 
RPA correlations
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Reddy (2024)
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RPA vertex corrections to response functions
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RPA vertex corrections to response functions
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Imaginary response for electron neutrino/antineutrino absorption

Neutrino absorption Antineutrino absorption

Shin, Rrapaj, Holt, Reddy (2024)



Differential cross section and scattering length
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Differential cross section and scattering length

9

FIG. 3: Ferromagnetic instability density ncrit as a function of Yp in di↵erent EoSs.

FIG. 4: CC (panel a and b) and NC (panel c and d) IMFPs with and without RPA corrections in vector (panel a and
c) and axial vector (panel b and d) channel at T=10 MeV. The colored solid curves stand for IMFPs derived from
Skyrme and MC EoSs without RPA corrections. The colored dashed curves stand for IMFPs derived from Skyrme
and MC EoSs with RPA corrections. The small peaks observed in a few MC curves are due to the numerical noise.

Lin, Steiner, Margueron (2023)
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FIG. 3: Ferromagnetic instability density ncrit as a function of Yp in di↵erent EoSs.

FIG. 4: CC (panel a and b) and NC (panel c and d) IMFPs with and without RPA corrections in vector (panel a and
c) and axial vector (panel b and d) channel at T=10 MeV. The colored solid curves stand for IMFPs derived from
Skyrme and MC EoSs without RPA corrections. The colored dashed curves stand for IMFPs derived from Skyrme
and MC EoSs with RPA corrections. The small peaks observed in a few MC curves are due to the numerical noise.

Differential cross section and scattering length

Lin, Steiner, Margueron (2023)
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§ Mean field and vertex corrections 
both increase with decreasing 𝚲
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Summary/Conclusions

§ RPA vertex corrections crucial for modeling the effects of nuclear collective excitations

§ The coupling to collective modes suppresses electron-neutrino absorption across all energies

§ At low energies, mean fields and correlations shift strength into opposite energy regions, and 
therefore both effects should be included on a consistent footing

§ The coupling to collective modes enhances electron-antineutrino absorption at low energies 
and suppresses absorption at high energies

§ Need to develop improved microscopic interactions that can better capture resonant features 
at low momenta (large S-wave scattering lengths, bound states in np channel)

§ Future: implications for neutrino luminosities, explosion dynamics, nucleosynthesis, neutrino 
flavor oscillation,…


