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Motivation

Well-known fast vs slow paradigm of cooling of compact stars

 Rc∫
0

ncv(r, T)dVp

 dT′

dt
= −

Rc∫
0

nϵν(r, T)e2ΦdVp − 4πσR2T4
S e2Φc (1)
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▶ Jump-like transition in cooling once direct Urca or other fast processes are allowed.
▶ Minimal cooling paradigm (Page et al. 2004, 2009 +) postulates absence of any fast

agent and obtains good fits to data
▶ Similar situation with hyperon Urca processes (but not quarks).
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Neutrino and photon radiation processes

Standart neutrino reactions in NS:
▶ Urca process

n → p + e + ν̄, p + e → n + ν.

▶ Modified Urca/brems process

n + n → n + p + e + ν̄,

n + n → n + p + ν + ν̄,

▶ Crustal bremsstrahlung

e + (A, Z) → e + (A, Z) + ν + ν̄,

▶ Cooper pair-breaking-formation

[NN] → [NN] + ν + ν̄,

▶ Surface photo-emission

Lγ = 4πσR2T4
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SRC in experiments (break-down of Fermi-liquid picture in nuclei):

▶ JLab experiments on electron scattering on nuclei 12C, 27Al, 56Fe and 208 Pb targets
show highly correlated neutron-proton pairs [figures from O. Hen, Science, 346,
614-617 (2014)]

 
Fig. 2. Illustration of the CLAS detector with a reconstructed two-proton knockout event.  For 
clarity, not all CLAS detectors and sectors are shown. The inset shows the reaction in which an 
incident electron scatters from a proton-proton pair via the exchange of a virtual photon. The 
human figure is shown for scale. 

 
 

 

Fig. 3. The extracted fractions of np (top) and pp (bottom) SRC pairs from the sum of pp and np 
pairs in nuclei. The green and yellow bands reflect 68% and 95% confidence levels, respectively 
(9). np-SRC pairs dominate over pp-SRC pairs in all measured nuclei. 

 
 
Supplementary Materials: 
Materials and Methods 
Figures S1 – S32 
Tables S1-S8 
References (40-51) 

▶ The momentum-distribution deviates from Fermi function form
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Fig. 1. A schematic representation of the momentum distribution, n(k), of two-component 
imbalanced Fermi systems. The dashed lines show the non-interacting system whereas the solid 
lines show the effect of including a short-range interaction between different fermions. Such 
interactions create a high-momentum (k>kF where kF is the Fermi momentum of the system) tail. 
This is analogous to a dance party with a majority of girls, where boy-girl interactions will make 
the average boy dance more than the average girl. 
 

 
 

▶ Such SRC are consistent with phase shift analysis 3S1-3D1 np channel is much
stronger than 1S0 for nn and pp pairs.
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Computation method

Boltzmann equation in Kadanoff-Baym formalism [see A. S. et al. Phys. Lett. B463
(1999) 145; Phys. Rev. D62 (2000) 083002, also work by Voskresensky and Senatorov,
PLB 1986]

[
∂t + ∂⃗q ων(q)∂⃗X

]
fν̄(q) =

∫ 0

−∞

dq0

2π
Tr
[
σ<(q)S>ν̄ (q)− σ>(q)S<ν̄ (q)

]
. (2)

Emissivity is found by integration of of Boltzmann equation over phase space

ϵν̄ =
d
dt

∫
d3q
(2π)3

fν̄(q)ων(q)

= −2

(
G̃
√

2

)2 ∫
d3q1

(2π)32ωe(q1)

∫
d3q2

(2π)32ων(q2)

∫
d4q δ(q1 + q2 − q)

δ(ωe + ων − q0)ων(q2)gB(q0) [1 − fe(ωe)] Λ
µζ(q1, q2)ImΠR

µζ(q), (3)

where the leptonic trace is given by

Λµζ(q1, q2) = Tr
[
γµ(1 − γ5) ̸q1γ

ζ(1 − γ5) ̸q2

]
The key problem is to compute the polarization loop ΠR

µζ(q).
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▶ Charge current (left) diagram for self-energy corresponding to Urca/mod. Urca
process.

▶ Charge neutral (right) diagram for self-energy corresponding to bremsstrahlung.
▶ The free and full neutrino propagators are shown by the dashed and double dashed

lines
▶ The electrons and baryons - by the solid and double-solid lines
▶ The wavy lines correspond to the gauge W+ and Z-boson propagators
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Evaluating baryon polarization tensor

Quasiparticle scheme (loop expansion)

1. dUrca process: one-loop, quasiparticle T = 0 response functions (Lattimer et al,
1992)

2. Finite-T dUrca: one-loop, quasiparticle T ̸= 0 response functions (this work, but
see Yakovlev et al. Phys. Rep. 354, 1 (2001).

3. Modified Urca: two-loop, quasiparticle T = 0 and T ̸= 0 response function

Finite-width scheme (sceleton expansion)

1. One-loop, finite width proton particles for Urca process (this work)

2. One-loop finite width bremsstrahlung, Raffelt, Sigl, Phys. Rev. D 54, 2784 (1996),
Phys. Rev. D 60, 023001 (1999), A. S. et al. Phys. Lett. B463 (1999).
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Computation of NFL Urca process

▶ Emissivity:

ϵν = −
(

2G
√

2

)2 ∫ d3k

(2π)32ων (⃗k)

∫
d3k′

(2π)32ωe (⃗k′)

∫
d4q δ(k + k′ − q)

g(q0)f̄e(ωe)Im[Λµν(k, k′)ΠR
µν(q)] = 2G2

∫
d4qL1(q) L2(q), (4)

▶ Loop integrals separate the leptonic and hadronic contributions

L1(q) =

∫
d4p′d4p
(2π)2

δ(4)(p − p′ + q)An(p)Ap(p′)f (p′)f̄ (p),

(5)

L2(q) =

∫
d3kd3k′

(2π)6
f̄ (k′)f̄ (k)ων̄δ

4(k + k′ − q), (6)

where p′ and p refer to the four-momenta of the neutrons and protons.
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Spectral functions

▶ The spectral functions of the nucleons with τ ∈ n, p are given by

Aτ (p) =
γτ

[ϵ− ϵτ (p)]2 + γ2
τ/4

, (7)

– ϵτ (p) = ϵkin
τ + ReΣR

τ (p)− µτ , ϵkin
τ (p) is the kinetic energy

– ΣR
τ (p) is the retarded self-energy and γτ = −2ImΣR

τ (p)
– µτ is the chemical potential

▶ In the small γτ limit

Aτ (p) = 2πzτ δ[ϵτ − ϵτ (p)]−
γτ

[ϵτ − ϵτ (p)]2
+ O(γ2

τ ) (8)

– ϵτ (p) = p2/2m∗
τ − µτ is the quasiparticle spectrum and m∗

τ is the quasiparticle
mass defined as

mτ

m∗
τ

= 1 +
mτ

pFτ

∂ΣR
τ (p)
∂p

∣∣∣∣∣
p=pFτ

, (9)

zτ is the wave-function renormalization, which we include in the effective mass via
zτm∗

τ → m∗
τ .
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Zero-width limit

▶ Emissivity in the limit γp → 0:

ϵν = G2 pFem∗
p m∗

n

4π5

∫ ∞

0
dωνω

3
ν

∫ ∞

−∞
dωg(ω)fe(ων − ω)L1(ω, q = pFe). (10)

▶ with analytically computed loop

L1(q) = cT ln

∣∣∣∣∣ 1 + exp
(
− ϵmin−µp

T

)
1 + exp

(
− ϵmin+ω−µp

T

) ∣∣∣∣∣, (11)

where

c ≡ m∗
n m∗

p /2πq ϵmin = (m∗
n /2q2)

(
µn + ω − µp + q2/2m∗

p

)2
.

Eqs. (11) in Eq. (10) give the general form of dUrca emissivity at finite temperatures
▶ Low temperatures, the small ω expansion leads to

L1(q)
cTω

= {exp[(ϵmin − µp)/T] + 1}−1 ≃ θ(µp − ϵmin) = θ(|pFe + pFp − pFn|),

which is the results of Lattimer et al. 1992.
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Finite-width case

▶ With the full spectral function for protons given by Eq. (7) we find

L1(q) = c
∫

dϵ[f (ϵ)− f (ω + ϵ)]

{
1
2
−

1
π

atan
[
ϵmin − ϵ

γp/2

]}
.

(12)

– We assume ϵτ (p) = p2/2m∗
τ − µτ , where m∗

τ/mτ = 0.7 and µτ is taken to be
equal to the Fermi energy computed from the partial density nτ = k3

Fτ/3π2

▶ The width of proton quasiparticles:

γp = apT2

[
1 +

(
ϵ− µp

πT

)2
]
, (13)

where ap = (ℏvFpµ
−1
p )

∑
τ=n,p σ̄pτnτµ−1

τ , where vFp is the proton Fermi
velocity, nτ are the number densities and σ̄np = 7 fm2 and σ̄pp = 4 fm2 are the
angle averaged cross sections for neutron-proton and proton-proton scattering.
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Spectral width of protons

The imaginary part of the nucleon self-energy in nuclear matter as a function of energy for
momentum p = 0.

pairing correlations below Tc demands the inclusion of a finite gap in the single particle propagators. This has to be

determined consistently from a combination of the BCS theory with the T-matrix approximation. Such a treatment

known as quasiparticle-RPA [34] has recently been applied to the one-dimensional Fermi gas [35].

To compare with the Brueckner theory the respective key quantity is the K-matrix. In Fig. 3 the K-matrix elements of

the Brueckner theory are given for the same set of parameters. The imaginary part of the K-matrix does not change

sign in contrast to the T-matrix elements (Fig. 2). This is due to the fact that in this case the Pauli-blocking (19)

is positive in contrast to the Pauli-blocking term (31), which changes sign at 2ϵ(p) = 2µ. For low temperatures the

imaginary part is effectively zero for energies below this particular energy. For energies above this value a pronounced

maximum develops. This gives the corresponding maximum in the real part of the K-matrix. However, no critical

temperature can be found where the K-matrix diverges as found for the T-matrix (Thouless-criterion). Thus, the

different Pauli operator (19) in the K-matrix leads to considerable deviations from the T-matrix case in particular in

the limit of low temperatures.

In order to calculate the spectral function it is necessary to evaluate the off-shell selfenergy, which itself has some

interesting features. In Fig. 4 the imaginary part of the retarded selfenergy (11) is given as a function of ω at p1 = 0

and n = n0. The results are plotted for various temperatures.

-200 -100 0 100 200
ω [MeV]

0

25

50

75

100

125

Im
 Σ

 [M
eV

]

T = 20 MeV
T = 10 MeV
T = 5 MeV
T = 4.1 MeV

µ ω0

FIG. 4. Imaginary part of the nucleon selfenergy (11) at the saturation density n0 as a function of energy for momentum
p1 = 0. The selfenergy is given for several temperatures above the critical temperature for superfluidity (Tc = 4.02 MeV).
The chemical potential µ = −23.5 MeV (T = 4.1 MeV) and the location of the pairing peak at ω0 = 2µ − ϵ1 = 35.6 MeV are
indicated.

At the highest temperature T = 20 MeV (long-dashed curve) the selfenergy is rather smooth. It gives a non-zero

contribution for energies ω > −200 MeV, develops a maximum near ω = −100 MeV and then starts decreasing slowly.

In the T = 10 MeV case we find two additional extrema: a minimum at the the chemical potential ω = µ ≈ −23 MeV

and a second maximum at ω0 = 2µ − ϵ(p1) ≈ 35 MeV. Decreasing the temperature further this behaviour gets still

more pronounced. At the minimum the value of the imaginary part is drastically reduced; however it still has a

finite value and will reach zero only in the limit T → 0 (see discussion of Fig. 5). The second maximum gets more

pronounced as well. At a temperature T = 4.1 MeV, close to the critical temperature Tc = 4.02 MeV, one observes a

pronounced peak.

This particular behaviour can be traced back to the behaviour of the T-matrix (15) at low temperatures. It has

been demonstrated in ref. [21] that Im T has a zero at the particular energy value z = 2µ for pairs with zero total

10

The density is at the saturation density n0 = 0.16 fm−3 . The selfenergy is given for
several temperatures above the critical temperature for superfluidity ( Tc = 4.02MeV ).
The chemical potential µ = −23.5MeV(T = 4.1MeV) and the location of the pairing
peak at ω0 = 2µ− ϵ1 = 35.6MeV are indicated. Credit: Alm, et al, Phys. Rev. C53,
2181-2193 (1996).
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spectral function with two peaks of comparable size which are located at approximately the same energies as given in

Fig. 17. in the T = 4.1 MeV case.

The temperature dependence of the spectral function is not as drastic as one could expect from the change in the

selfenergy with temperature (Fig. 4). Near the critical temperature the tail of the spectral function at higher energies

shows additional smaller maxima, which result from the pronounced structures in the real part of the selfenergy.

These in turn are due to the singular behaviour of the imaginary part at ω = 2µ − ϵ1.
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FIG. 18. The nucleon spectral function at saturation density and T = 10 MeV in the energy-momentum plane.

In Fig. 18 the energy and momentum dependence of the spectral function is given at n = n0 and T = 10 MeV. One

observes that the double-peak structure found at p = 0 vanishes with increasing momentum. A single maximum

remains for p1 > 0.7 fm−1 which can be identified with the quasiparticle peak. The width of this peak is reduced at

p = pF due to the minimum in Im Σ at the chemical potential. For larger momenta the peaks are broadened again

until for very high momenta the width is reduced again. The latter behaviour is due to the fact that for very high

momenta the influence of the medium represented by the selfenergy becomes negligible. Please note, that for our

choise of the nucleon-nucleon-interaction there is no high-momentum tail of the spectral function, because it is barely

attractive.

In order to demonstrate the influence of correlations on the nucleon occupation numbers, the spectral function can

be used to determine this quantity. In Fig. 19 the temperature dependence of the nucleon momentum distribution

(occupation numbers) n(p) (3) is given at a fixed density n = n0. The correlated occupation number (full line) is

compared to the corresponding Fermi distribution function (dashed line). In the T = 5 MeV case we observe a

strong depletion for momenta below the Fermi momentum with a value of n(p = 0) = 0.78 compared to 1 for the

non-interacting case. Above the Fermi surface we find a corresponding enhancement of the interacting occupation

numbers compared to the non-interacting up to about p = 2 fm−1. For T = 10 MeV the depletion is less pronounced

(n(0) = 0.82). This tendency towards the non-interacting occupation numbers is continued is the case of T = 30 MeV.

With further increasing temperature the interacting response approaches the non-interacting one. Using the Brueckner

K-matrix in ref. [43] the finite temperature occupation numbers are evaluated which are in reasonable aggreement

with our results as well with the calculations of ref. [10].

In Fig. 20 the density dependence of n(p) at fixed T (10 MeV) is shown. For the sake of a better comparability

19

The nucleon spectral function at saturation density and T = 10 MeV in the
energy-momentum plane. Credit: Alm, et al, Phys. Rev. C53, 2181-2193 (1996).
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NFL Urca emissivity for finite proton width:

0,02 0,04 0,06 0,08 0,1 0,12
xp

-5

-4

-3

-2

-1

0

lo
g 10

 ε
ν/ε

0

T=1 [MeV]

T = 0.2 [MeV]

The nFL-Urca emissivity in units of ϵ0 for T = 1 MeV and T = 0.2 MeV for density
ρ = 1.5ρ0 with ρ0 = 2.7 × 1014 g cm−3 as a function of proton fraction xp. The dashed
lines show the dUrca process, i.e., the quasiparticle limit corresponding to γp = 0. For
comparison, we show the FL one-pion-ρ exchange based mUrca process ϵmUrca/ϵ0 for
T = 1 MeV by the dot-dashed horizontal line. The corresponding result for T = 0.2 MeV
is ϵmUrca/ϵ0 = −5.
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NFL Urca emissivity for finite proton width:

0 2 4 6 8 10
T [MeV]

-4

-3

-2

-1

0

lo
g 10

ε ν/ε
0

xp= 0.05

xp= 0.075

xp= 0.125

xp= 0.10

The nFL-Urca emissivity in units of ϵ0 for xp = 0.05, 0.10 and 0.125 and ρ = 1.5ρ0 as a
function of temperature. The solid lines show the full result, whereas the dashed lines – the
limit γp = 0.
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Conclusions:

▶ The sharp dUrca thershold is replaced by smooth transition in the scheme which is
based on NFL Urca expression

▶ The finite width approach unifies the dUrca and modified Urca processes by
replacing the qusiparticle loop expansion, i.e., its a different summation scheme -
not a new process!

▶ The modified Urca process corresponds to second-Born approximation to the
neutrino self-energy. The width can include more complicated resummations, such
as G-matrix.

Perspectives:

▶ A new way to account for pole structure of intermediate propagator, see P. S.
Shternin, M. Baldo, and P. Haensel, In-medium enhancement of the modified Urca
neutrino reaction rates, Phys. Lett. B 786, 28 (2018).

▶ Alternative of including pion softening effects, see A. B. Migdal, E. E. Saperstein,
M. A. Troitsky, and D. N. Voskresensky, Pion degrees of freedom in nuclear matter,
Phys. Rep. 192, 179 (1990).
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