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White dwarfs

The long mean path of electrons due to their
degeneration makes the temperature of the
core the same everywhere.
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WD cooling

CV
dTWD

dt = −Lν − Lγ + LH (1)

Hot WDs: neutrino
emission through
plasmon decay

Cold WDs: photon
surface emission
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Equation of State: Salpeter
Salpeter, E.E., Energy and pressure of a zero-temperature
plasma, DOI: 10.1086/147194.

Etot = E0 + EC + ETF + EEx + ECor (2)

P = − 1
4πr 2

e a3
0

dE
dre

(3)

E → per electron, such that there is one electron per
sphere of radius rea0 (a0 ≡ 1/(αme): Bohr radius)
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Equation of State: (A) Salpeter
Wigner-Seitz cell

where rcell = Z 1/3rea0
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Salpeter: (1) degenerated ideal gas

This is the simplest contribution, which at zero
temperature is:

E0 = g
(2π)3

∫
d3p

(√
p2 + m2

e − me

)(
fe(Ep) + fe(Ep)

)
= 1

π2

∫ pF

0
dp p2

(√
p2 + m2

e − me

)
(4)
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Salpeter: (2) classical Coulomb
effect

Forces: e-e + e-N

EC = 1
4πZ

∫ Vcell

0

ρeV × ρedV
r + Ze × ρedV

r


= −9

5
Z 2/3

re
ry

(5)

where ry ≡ 1
2α2me is the Rydberg energy unit
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Salpeter: (3) Thomas-Fermi
correction

Non-uniform e-cloud: ne(r) → ne,0(1 + ε(r))
We fix the Fermi energy: EF = pF

2me
− eV

We solve: ∇2V = 4πene

ETF = −324
175

( 4
9π

)2/3 √
1 + x 2Z 4/3ry (6)

where x ≡ pF /me
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Salpeter: (4) Exchange energy
Fermi-Dirac statistics also affect [antisymmetrized] wave
functions (not just kinetic energy)

Full contribution: EC + EEx

EEx =
∑
i ,j

Jij ⟨⃗si · s⃗j⟩ ∼ Esinglet − Etriplet

= −
( 3

4π

)
αmxϕ(x)

(7)

ϕ(x) = 1
4x4

[
9
4 + 3

(
β2 − 1

β2

)
log β − 6 (log β)2 −

(
β2 + 1

β2

)
− 1

8

(
β4 + 1

β2

)]
β ≡ x +

√
1 + x2
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Salpeter: (5) Correlation energy
Next term in perturbation of interaction between
electrons: computed by Gell-Mann and Brueckner,
10.1103/PhysRev.106.364 (DOI)

ECor = (0.0622 log re − 0.096)ry (8)

This energy takes into
account an exchange of
momenta among n electrons
than then return to their
original states:
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Equation of State: (B) TOV
equations

Tolman-Oppenheimer-Volkoff (TOV) equations: Einstein field
equations for a perfect fluid in the metric of the interior of a star
Tolman, R. C. 1939, Phys. Rev., 55, 364 / Oppenheimer, J. R., &
Volkoff, G. M. 1939, Phys. Rev., 55, 374

dp(r)
dr = −G ϵ(r) + p(r)

r (r − 2Gm(r))
[
m(r) + 4πp(r)r 3]

dm(r)
dr = 4πϵ(r)r 2

ϵ = ϵ(r)
(9)
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Equation of State: (B) TOV
equations
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Thermal field theory
Thermal partition function:

Z (β) =
∫

dq ⟨q| e−βĤ |q⟩ ≡
∫

dq ⟨q| e−iĤ(−iβ) |q⟩

=
∫

Dq(τ) exp
[∫ β

0
dτ
(1

2mq̇2(τ) + V (q(τ))
)]

=
∫

Dq(τ) exp [−SE (β)]
(10)

⟨T (q̂(−iτ)q̂(0))⟩β = 1
Z (β)Tr

[
e−βĤT (q̂(−iτ)q̂(0))

]
(11)
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Thermal field theory
We can define 2-point functions:

D>(t, t ′) = ⟨q̂(t)q̂(t ′)⟩β

D<(t, t ′) = ⟨q̂(t ′)q̂(t)⟩β = D>(t ′, t)
(12)

And the time-ordered propagator:

D(t, t ′) = ⟨T (q̂(t)q̂(t ′))⟩β

= θ(t − t ′)D>(t, t ′) + θ(t ′ − t)D<(t, t ′)
(13)

For the harmonic oscillator, the Fourier transform of D>

is:
∆F (iωn) = i

ω2
n + ω2

ωn = 2πn
β

, n ∈ Z (Matsubara frequencies)
(14)
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Thermal field theory
If we do the same process with scalar fields:

▶ Euclidean action:
SE (β) =

∫ β
0 d4x

(
1
2 (∂µϕ)2 + 1

2m2ϕ2 + V(ϕ)
)

▶ Generating functional:
Z (β, j) :

∫
Dϕ exp

[
−SE (β) +

∫ β
0 d4x j(x)ϕ(x)

]
▶ Mastubara propagator:

∆F (iωn, k) = (ω2
n + k2 + m2)−1 ≡ (ω2

n + ω2
k)−1

▶ Integral measure: T ∑
n
∫ d3k

(2π)3

This is the Imaginary-time formalism. Similar with
fermions and vectors.
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Thermal field theory
There’s also the real-time formalism:

▶ Field operator: ϕ̂(x) = e itĤ ϕ̂(0)e−itĤ , t = x0 ∈ C

▶ Thermal Green functions:
GC(x1, ..., xN) = ⟨TC(ϕ̂(x1)...ϕ̂(xN))⟩β

▶ Generating functional:
ZC(β, j) = Tr

[
e−βĤTC exp

(
i
∫

C d4 xj(x)ϕ̂(x)
)]

19 / 65



The dark in the
white

Jaime Hoefken
Zink

Contents

White dwarfs

Thermal field
theory

Photon self-energy

Plasmon decay

Dark sectors

BSM WD cooling

Ultra light A′

Resonant A′

Conclusions

Appendix

Thermal field theory

Taken from Le Bellac
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Photon self-energy
Importance of photon self-energy:
▶ Alters poles
▶ Modifies dispersion relations
▶ Changes field strength
▶ Appears in decay diagrams
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Photon self-energy

Πµν = − ie2
∫ d4K

(2π)4 tr[γµSF
β (K )γνSF

β (Q − K )]

= − ie2
∫ d4K

(2π)4 tr[γµ( /K + me)γν( /Q − /K − me)]

×
[

i
K 2 − m2

e
− 2π

(
θ(−k0) + sgn(k0)f̃ (k0 − µe)

)
δ(K 2 − m2

e)
]

×
[

i
(Q − K )2 − m2

e
− 2π

(
θ(−q0 + k0)

+ sgn(Q0 − k0)f̃ (q0 − k0 + µe)
)
δ((Q − K )2 − m2

e)
]

(15)

where f̃ (x) =
(
eβx + 1

)−1
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Photon self-energy

Contribution just: thermal - non-thermal

Πµν = − e2
∫ d4K

(2π)3 tr[γµ( /K + me)γν( /Q − /K − me)]

×
[

θ(−k0) + sgn(k0)f̃ (k0 − µe)
(Q − K )2 − m2

e
δ(K 2 − m2

e)
]

×
[

θ(−q0 + k0) + sgn(q0 − k0)f̃ (q0 − k0 + µe)
K 2 − m2

e

× δ((Q − K )2 − m2
e)
]

(16)
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Photon self-energy
The first term:

tr[γµ( /K + me)γν( /Q − /K − me)]
= 4(kµqν + kνqµ − 2kµkν − K · Qgµν)
≡ 4Aµν

(17)

Ward identity: QµΠµν = 0 → QµAµν = 0 →
Q2 = 2Q · K

Aµν = (K · Q)(kµqν + kνqµ) − Q2kµkν − (K · Q)2gµν

K · Q
(18)

Due to delta: (Q − K )2 − m2
e = Q2 − 2Q · K
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Photon self-energy
With the other factors:

θ(−k0) + sgn(k0)f̃ (k0 − µe)δ(K 2 − m2
e)

= 1
2EK

[
f̃ (k0 − µe)δ+ +

(
1 − f̃ (k0 − µe)

)
δ−
] (19)

where EK ≡
√

K⃗ 2 + m2
e and δ± ≡ δ(k0 ∓ EK ).

Therefore, the first term yields:

2Aµν

EK

f̃ (k0 − µe)δ+ +
(
1 − f̃ (k0 − µe)

)
δ−

Q2 − 2Q · K
(20)
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Photon self-energy

Similar work with the second term, but we do:
K → K + Q and find:

−2Aµν

EK

(
1 − f̃ (−k0 + µe)

)
δ+ + f̃ (−k0 + µe)δ−

Q2 + 2Q · K
(21)

To finish, we remember that under kµ → −kµ, then:

1. Aµν → −Aµν

2.
∫

d4K →
∫

d4K

3. δ− → δ+
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Photon self-energy
Final result:

Πµν =4e2
∫ d3k

(2π)3
fe(EK ) + fe(EK )

2EK

× Q · K (kµqν + kνqµ) − Q2kµkν − (Q · K )2gµν

(Q · K )2 − (Q2)2/4

=4e2
∫ d3k

(2π)3
fe(EK ) + fe(EK )

2EK

× Q · K (kµqν + kνqµ) − Q2kµkν − (Q · K )2gµν

(Q · K )2

(22)
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Importance of Πµν

We need to sum: γ +

γ γ
e−

e+

+

γ
e−

e+

γ
e−

e+

γ +

γ
e−

e+

γ
e−

e+

γ
e−

e+

γ +...
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Importance of Πµν

It is better to decompose Πµν :

Πµν = FPµν
L + GPµν

T (23)
where the projectors are:

Pµν
T =

(
δij − q̂i q̂j

)
δµ

i δν
j

Pµν
L =

(
− gµν + qµqν

Q2

)
− Pµν

T

where: Q = (q0, q⃗)

(24)

Solution: F = Q2

q2 Π00 and G = Πxx , such that q⃗ = qẑ
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Importance of Πµν

Dµν
A′ = −i gµν

Q2 + −i gµ
λ

Q2
(
i Πλσ

) −i gν
σ

Q2 + ...

= −i gµλ

Q2

[
δν

λ +
∞∑

n=1

(
F
Q2

)n
Pν

Lλ +
∞∑

n=1

(
G
Q2

)n
Pν

Tλ

]

= −i gµλ

Q2 − F Pν
Lλ + −i gµλ

Q2 − G Pν
Tλ ,

(25)
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Importance of Πµν

The energy on-shell: ωλ(q)
Longitudinal: D00 = 1

q2−ΠL(Q)

lim
q0→ωl (q)

D00 = ω2
l (q)
q2

Zl(q)
q2

0 − ωl(q)2 (26)

Transverse: Dxx = 1
q2

0−q2−ΠT (Q)

lim
q0→ωt(q)

Dxx = Zt(q)
q2

0 − ωt(q)2 (27)

Solution

Zl(q) = q2

ωl(q)2

[
−∂ΠL

∂q2
0

(ωl(q), q)
]−1

Zt(q) =
[
1 − ∂ΠT

∂q2
0

(ωt(q), q)
]−1 (28)
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Importance of Πµν

The residue of a pole in q2
0 of Dµν(q0, q) can be

identified with εµ(q)εν(q)∗. So we have:

ResD00 = Res
(

ωl(q)2

q2
Zl(q)

q2
0 − ωl(q)2

)
= ωl(q)2

q2 Zl(q)

ResDxx = Res
(

Zt(q)
q2

0 − ωt(q)2

)
= Zt(q)

(29)

From these expressions, we can find the polarization
4-vectors:

εµ(q, λ = 0) = ωl(q)
q

√
Zl(q)(1, 0)µ

εµ(q, λ = ±1) =
√

Zt(q)(0, ε±(q))µ

(30)
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Importance of Πµν

The dispersion relations are:

ωl(q)2 = ωl(q)2

q2 ΠL(ωl(q), q)

ωt(q)2 = q2 + ΠT (ωt(q), q)
(31)
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Plasmon decay
Decay of plasmon (SM):

But Q2 ≪ m2
W , m2

Z
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Plasmon decay
We need to compute:

Πµν
A = gµigνj [ΠA(Q)(iεijmq̂m)]

ΠA(Q) = 8πα
Q2

q

∫ d3k
(2π)3

fe(Ek) − fe(Ek)
2Ek

Q · Kq0 − Q2Ek

(Q · K )2

(32)
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Plasmon decay
Amplitudes:

MW = GF√
2

1√
4πα

εµ(Q)
[
Πµν − Πµν

A
]
u(p1)γν(1 − γ5)v(p2) (33)

MZ = GF√
2

1√
4πα

εµ(Q)
[
C (e)

V Πµν − C (e)
A Πµν

A
]
u(p1)γν(1 − γ5)v(p2)

(34)

Mtot = GF√
2

1√
4πα

εµ(Q)
[
CV Πµν − CAΠµν

A
]
u(p1)γν(1 − γ5)v(p2)

(35)

where CV = 2 sin2 θW + 1/2 (νe), and 2 sin2 θW − 1/2 for the rest,
while CA = 1/2 (νe) and −1/2 for the rest.
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Plasmon decay
Total:

M = GF√
2

1√
4πα

[
εµ(ωl , q)CV

(
ΠL(ωl , q)

(
1,

ωl
q q̂
)µ(

1,
ωl
q q̂
)ν)

+ εµ(ωt , q)gµi
(

CV ΠT (ωt , q)
(
δij − q̂i q̂j)

+ CAΠA(ωt , q)(iεijmq̂m)
)

gνj

]
u(p1)γν(1 − γ5)v(p2)

(36)

Short notation:

M = GF√
2

(
Γµν

λ εν(q⃗, λ)
)

u(p1)γν(1 − γ5)v(p2) (37)
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Plasmon decay
The decay width is:

Γλ(q) =
1

2ωλ(q)

∫
d3p1
(2π)3

1
2p1

∫
d3p2
(2π)3

1
2p2

(2π)4δ(4)(P1 + P2 − Q)|M|2

(38)

We can perform:

Iµν = 1
2π2

∫ d3p1
p1

d3p2
p2

δ(4)(Q − P1 − P2)

×
[
Pµ

1 Pν
2 + Pν

1 Pµ
2 − P1 · P2gµν − iεµνλσP1λP2σ

]
= 1

3π

(
qµqν − Q2gµν

)
= − 1

3π
Q2gµν

(39)

Γλ(q) = − G2
F

12π

ωλ(q)2 − q2

ωλ(q)

(
Γαµ

λ εµ(q, λ)
)(

Γλ
αρερ(q, λ)

)∗
(40)
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Plasmon decay
Final results:

ΓL(q) = C 2
V

G2
F

48π2α
Zl(q)

(
ωl(q)2 − q2

)2
ωl(q) (41)

ΓT (q) = G2
F

48π2α
Zt(q)ωt(q)2 − q2

ωt(q) C 2
V

(
ωt(q)2 − q2

)2

(42)

ΓA(q) = G2
F

48π2α
Zt(q)ωt(q)2 − q2

ωt(q) C 2
AΠA(ωt(q), q)2 (43)
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Plasmon decay
Emissivity of plasma:
Qλ ≡

∫
d3q⃗ Γλ(q) ωλ(q)nB(ωλ(q), T ), where

nB(ω) = 1
eω/T −1

QT = 2
(∑

ν

C2
V

) G2
F

96π4α

∫ ∞

0
dq q2Zt(q)

(
ωt(q)2 − q2

)3
nB(ωt(q))

QA = 2
(∑

ν

C2
A

) G2
F

96π4α

∫ ∞

0
dq q2Zt(q)

(
ωt(q)2 − q2

)
ΠA(ωt(q), q)2nB(ωt(q))

QL =
(∑

ν

C2
V

) G2
F

96π4α

∫ ∞

0
dq q2Zl (q)ωl (q)2

(
ωl (q)2 − q2

)2
nB(ωl (q))

(44)

Luminosity: Lν = 4π
∫ RWD
0 Q(r) r 2 dr
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Dark sectors
Three Portal Model
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Dark sectors
Three Portal Model

Effective interactions of the dark photon after SSB:

LI = −ϵeJEM
µ Z ′µ + gDJD

µ Z ′µ (45)
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Dark sectors
Lµ − Lτ

L ⊃ −
1
4

(Bαβ , W 3
αβ , Xαβ)

(
1 0 ϵB
0 1 ϵW
ϵB ϵW 1

)(
Bαβ

W 3αβ

Xαβ

)

+
1
2

(Bα, W 3
α, Xα)

v2

4

 g ′2 g ′ g 0
g ′ g g2 0

0 0 4 M2
X

v2

( Bα

W 3α

Xα

)

− (g ′ jα
Y , g jα

3 , gµτ jα
µτ )

(
Bα

W 3
α

Xα

)
(46)

jα
µτ = L̄2γαL2 + µ̄RγαµR − L̄3γαL3 − τ̄RγατR (47)

Lint = −gµτ jα
µτ A′

α + e ϵA

(
jα
EM − 1

2 tan2 θW jα
Z

)
A′

α (48)

ϵA ≃
e gµτ

6π2 log
(mµ

mτ

)
∼ −

gµτ

70
(49)

43 / 65



The dark in the
white

Jaime Hoefken
Zink

Contents

White dwarfs

Thermal field
theory

Photon self-energy

Plasmon decay

Dark sectors

BSM WD cooling

Ultra light A′

Resonant A′

Conclusions

Appendix

Dark sectors
Lµ − Lτ

de
V = e ϵA

(
1 − tan2 θW (1 − 4 sin2 θW )/8

)
, (50)

de
A = e ϵA tan2 θW /8 , (51)

kα
ν = sα gµτ /2 + de

A , (52)
sα = 0, 1, −1, for α = e, µ, τ (53)
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BSM WD cooling

Extra contribution:
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BSM WD cooling
Three Portal Model

Mij
Z ′ = −εµ(Q)

∫ d4k
(2π)4 tr

[
γµSF (K )γνSF (K − Q)

]
× ϵe2 1

Q2 − M2
Z ′

gD

2 U∗
iDUjD

× uj(p1)γν(1 − γ5)vi(p2)

= GF
2

1√
4πα

[
CD

ν,ijΠµν
]
uj(p1)γν(1 − γ5)vi(p2)

(54)

where U is the mixing matrix for neutrino states and:

CD
ν,ij =

√
2πα

GF

ϵgDU∗
iDUjD

M2
Z ′ − Q2 (55)
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BSM WD cooling
Three Portal Model

We need to sum it with the SM:

∑
ij

C2
V =

∑
α

(
CSM

V
)2

+
√

8πα

GF

ϵgD
∣∣UiD

∣∣2
M2

Z ′ − Q2 ℜ
(∑

α,i,j
CSM

V ,αU∗
αiUαj

)
+ 18πα

G2
F

ϵ2g2
D
∣∣UD

∣∣4
(M2

Z ′ − Q2)2

(56)

where we have assumed that UiD ≡ UD is equal for every i and∑
α

(
CSM

V
)

= 6 sin2 θW − 1/2
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BSM WD cooling
Three Portal Model

Three Portal Model contribution (it includes SM)

QT =2 G2
F

96π4α

∫ ∞

0
dq q2Zt(q)

×
(∑

αβ

(
CV (ωt(q), q)

)2
)(

ωt(q)2 − q2
)3

nB(ωt(q))

QL = G2
F

96π4α

∫ ∞

0
dq q2Zl(q)

(∑
αβ

(
CV (ωl(q), q)

)2
)

× ωl(q)2
(

ωl(q)2 − q2
)2

nB(ωl(q))
(57)
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BSM WD cooling
Lµ − Lτ

Flavor basis, so just change of coefficients needed:

Cα,SM+BSM
a (Q) → Cα

a + ba

√
2

GF

kα
ν d e

a
Q2 − m2

A′
(58)

where a = V , A are the vectorial and axial components
with bV = 1 and bA = −1, α is the flavor
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BSM WD cooling
Lµ − Lτ

QL = G2
F

96π4α

∫ ∞

0
dq
∑

α

(Cα,SM+BSM
V (q))2 q2 Zl(q)

×
(

ωl(q)2 − q2
)2

ωl(q)2 nB(ωl(q)) (59)

QT = G2
F

48π4α

∫ ∞

0
dq
∑

α

(Cα,SM+BSM
V (q))2 q2 Zt(q)

×
(

ωt(q)2 − q2
)3

nB(ωt(q)) (60)

QA = G2
F

48π4α

∫ ∞

0
dq
∑

α

(Cα,SM+BSM
A (q))2 q2 Zt(q) (61)

×
(

ωt(q)2 − q2
)

ΠA (ωt(q), q)2 nB(ωt(q))
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BSM WD cooling

We are interested in measuring:

FDS = LDS+SM − LSM

LSM
(62)

Data of WD computations:

▶ MWD = 1 M⊙

▶ TWD = 108 K

▶ Degenerate and classical limits
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BSM WD cooling
Three Portal Model: results

101 102 103 104

MZ ′ [MeV]

1032

1033

1034

1035

1036

L
[e

rg
/s

]

MWD = 1M¯

T= 108 K

SM+DS
Longitudinal
Transverse

107108109

T [K]

1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040

L
[e

rg
/s

]

MWD = 1M¯

MZ ′ = 1GeV

 SM  SM+DS
Longitudinal
Transverse

Longitudinal
Transverse

where ϵgD |UD |2 = [10−8 − 10−4]
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BSM WD cooling
Three Portal Model: results

101 102 103 104 105

MZ ′ [MeV]

10-4

10-3

10-2

10-1

ε

MWD = 1M¯ , T= 108K

gD|UD|2 = 10−5

∆
a e

 (L
KB

 20
20

)

DIS (Thomas et al)
EWPO

FDS > 50%

FDS > 10%

FDS > 1%
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BSM WD cooling
Lµ − Lτ : results

Cha
rm

 II

10 3 10 2 10 1

mA ′ [GeV]
10 4

10 3

g

H0

(g
2) ± 2

COHERENT

Borexino

BBN

NA64

Ba
Ba

r

MWD = 1 M
TWD = 108 K

L L

Bauer et al. (2018)
WD 50%
WD 30%
WD 10%
WD   1%
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BSM WD cooling
Lµ − Lτ : results

Heavy case (m2
A′ ≫ Q2):

FDS =
∑

α

(
Cα,SM+BSM

V

)2
/
∑

α

(
Cα,SM

V

)2
− 1

≃ 1.50 × 1017
(

gµτ

mA′/1 MeV

)4

− 1.66 × 105
(

gµτ

mA′/1 MeV

)2

(63)
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Ultra light A′

m2
A′ ≪ Q2 → propagator needs to consider Πµν

A′ : since
(de

A)2/(de
V )2 ∼ O(10−3), it is in terms of the photon self-energy:

Πµν
A′ (Q) ≃ (de

V )2 + (de
A)2

4πα
Πµν

γ (Q) ≡ rBSM Πµν
γ (Q) (64)

Πµν
A′ = FA′Pµν

L + GA′Pµν
T (65)

Dµν
A′ = −i gµλ

Q2 − m2
A′ − FA′

Pν
Lλ + −i gµλ

Q2 − m2
A′ − GA′

Pν
Tλ (66)

FA′ ≡ rBSM
Q2

q2 Πγ
L (67)

GA′ ≡ rBSM Πγ
T (68)
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Ultra light A′
m2

A′ ≪ Q2:

∑
α

(Cα,SM+BSM
V (q))2 = dV

e
G2

F (q2
r )2

(
dV

e
(
6 (dA

e )2 + g2
µτ

)
+

√
2 GF q2

r

[
2 dA

e
∑

α

Cα,SM
V

+ gµτ

(
Cµ,SM

V − Cτ,SM
V

)])
∑

α

(Cα,SM+BSM
A (q))2 = dA

e
G2

F (q2
r )2

(
6 (dA

e )3

−
√

2 GF gµτ

(
Cµ,SM

A − Cτ,SM
A

)
q2

r

+ GF dA
e

[
g2

µτ − 2
√

2 GF q2
r
∑

α

Cα,SM
A

])
(69)

where q2
r ≡ (1 − rBSM) Q2
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Resonant A′
Region where mA′ ∼ ωp:

ω2
p = 4π

α

∫ ∞

0
dp k2

Ek

(
1 − 1

3v 2
)

[fe(Ek) + fe(Ek)] (70)
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n
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3
]
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Resonant A′

Propagator exhibit poles, but:

▶ A′ self-energy still important

▶ A′ self-energy at T = 0 non-negligible: imaginary
part

Breit-Wigner propagator:

Gµν
BW(Q2) = −i(gµλ − qµqλ/m2)

Q2 − m2 − Re(F ) − i Im(F )Pν
Lλ

+ −i(gµλ − qµqλ/m2)
Q2 − m2 − Re(G) − i Im(G)Pν

Tλ

(71)
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Resonant A′
At T = 0, we consider the self-energy of light neutrinos after
MS-renormalization:

Π̄µν
A′ (Q2) = −

(
kα

ν

)2

4π2 Q2gµν

∫ 1

0
dx x (1 − x)

× log
(

m2
α

m2
α − x(1 − x)Q2

) (72)

such that:

Im(Π̄µν
A′ )(Q2) =

(
kα

ν

)2

24π
Q2gµν

=
(
kα

ν

)2

24π

(ω2
l − q2)2

q2 Pµν
L

−
(
kα

ν

)2

24π
(ω2

t − q2)Pµν
T

(73)
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Whole range of masses A′

101 102 103 104 105 106

mA ′ [eV]
10 8

10 7

10 6

10 5

10 4

g

"ultra-light" "resonant" "heavy"

L L

MWD = 1 M
TWD = 108 K

WD 30%
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Conclusions

▶ WDs are an interesting place to search for
physics BSM and dark sectors

▶ Searching for new physics in WDs can be
a good training for further searches in
neutron stars or supernovae.

▶ We still need to link some of the
predictions to experimental observables in
order to have proper constraints.
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A1. Thomas - Fermi model
▶ Constant energy of the cell: EF = −eV (r) + p2

F (r)
2me

▶ The density is: ne = p3
F

3π2 = 1
3π2 (2me [EF + eV (r)])3/2

▶ Poisson’s eq.: ∇2V = 4πe(ne − δ(3)(0)), where:
limr→0 rV (r) = Ze and limr→r0

dV
dr = 0

▶ Change of variables: r =
(

9π2

128Z

)1/3
a0 x = µx and

EF + eV (r) = Ze2ϕ(x)
r

d2ϕ

dx 2 = ϕ3/2

x 1/2 , ϕ(0) = 1, ϕ′(x0) = ϕ(x0)/x0

(74)
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A1. Thomas - Fermi model

0 1 2 3 4 5
x

0.0

0.5

1.0

1.5

2.0
φ

Thomas - Fermi equation solutions
φ ′(0) = − 2
φ ′(0) = − 1.588071
φ ′(0) = − 1.5
φ ′(0) = − 1
φ ′(0) = 0

P = 1
10π

Z 2e2

µ4

ϕ(x0)
x0

5/2

ρ = 3AmN

4πµ3x 3
0

(75)
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A2. Other limits on A′

▶ BBN: At masses below O(10) MeV the dark photon A′

contributes significantly to the heating of the neutrino gas
in the early universe leading to a too large number of
neutrino degrees of freedom, ∆Neff , during BBN.

▶ NA64µ: by using a missing energy-momentum technique
with a high energy muon beam.

▶ Borexino: from the measurement of the 7Be solar neutrino
flux, masses of mA′ ∼ 10 MeV are excluded for
gµτ ∼ 0.0005.

▶ BaBar: from resonance searches in four-muon production,
high masses excluded.

▶ COHERENT: from measurements of coherent elastic
neutrino-nucleus scattering (CEνNS) with a CsI[Na] target,
high couplings excluded.

▶ CHARM-II: from the search for neutrino trident
production, for masses ∼ 100 MeV.
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