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Axions and Dark photons
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Axions and Dark photons
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Axions and Dark photons
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How does the production of axions and dark photons 
change in the presence of magnetic field in a plasma?
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Magnetic fields in astrophysical plasmas
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Magnetic fields in astrophysical plasmas
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Magnetic fields in astrophysical plasmas
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γ*
κm2
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Magnetic fields in astrophysical plasmas
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γ*
κm2
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Magnetic fields in astrophysical plasmas
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Very 
different emission 

with B-field !!
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Transverse modes split 
(magnetic 

birefringence)

Dispersion in magnetized plasmas

⃗k
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How does the magnetic dispersion affect BSM 
production in magnetic White Dwarfs?

dV
⃗k

dQX

dΩk

(Angular emissivity)



Nirmalya Brahma (McGill U.)

Production in magnetized plasmas: White Dwarf profiles

M. C-Tapia, S. Zhang & A. Cumming ApJ 2024

“Uniform B field profile”
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Production in White Dwarfs: Isotropic dispersion

← ωp increases
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Production in White Dwarfs: Isotropic dispersion

← ωp increases
15
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Production in White Dwarfs: Isotropic dispersion
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Production in magnetized plasmas: Magnetic dispersion
ωB = 1keV → B ∼ 1011 G
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Production in magnetized plasmas: Magnetic dispersion

18



Nirmalya Brahma (McGill U.)

Production in magnetized plasmas: Magnetic dispersion
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Production in magnetized plasmas: Magnetic dispersion

Larger shell volume

ωB = 1keV → B ∼ 1011 G
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Production in magnetized plasmas: Directional emission

NB, E. Iles, H. Schérer & K. Schutz 
PRD 2026
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Production in magnetized plasmas: Effect of magnetic dispersion

m = 7 keV

ωB = 0.1 keV
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Magnetized white dwarf cooling: Axions
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Stellar energy loss bounds

NB, E. Iles, H. Schérer & 
K. Schutz PRD 2026
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Magnetized white dwarf cooling: Axions

La = Lγ

ωB = 1 keV → B ∼ 1011 G
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Magnetized white dwarf cooling: Axions

Resonant 
channel 

dominates

La = Lγ
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DFSZ

KSVZ
ωB = 1 keV → B ∼ 1011 G
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Magnetized white dwarf cooling: Axions
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Conclusion and Future prospects

• Accounting for magnetic plasma dispersion leads to qualitatively new behaviour like the position 
shifts of resonances, directional emission, and provide new avenues to constrain BSM physics. 


• Incorporating self consistent internal magnetic field profiles for MWDs computed with MESA.

• Produced axions can also reconvert outside the star in the 
stellar magnetosphere. In MWDs, this has been used to put 
(C.Dessert, A.J.Long & B.R.Safdi 2021) world leading 
bounds on . Break degeneracy and enhance 
sensitivity by producing and reconverting via  only.


• Extend this study to diverse astrophysical systems (with 
) like Neutron Stars, Quasars, solar 

chromosphere and other light bosons like B-L, scalar etc.

gaγγ × gaee
gaγγ

ωB ≳ mX ∼ ωp
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Thank you
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Backup slides
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Production in an isotropic thermal medium

dnX

dt
= ∫
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In-medium photon propagator

(Dγ)
−1

μν
= (D0

γ )
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μν
− Πμν
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(D0
γ )
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Πμν
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Production rate:

32

Production in thermal medium

Im ΠX =

Γprod
X = (2π)3 dNX

dt dV d3 ⃗k
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Production rate:

Dispersion

Damping

PX =
G2

X Γγ

(m2
X − m2

γ )
2

+ (ωΓγ)
2

Couplings: G2
X = {

g2
aγK2 |ϵ ⋅ B0 |2 X = axion

χ2m4
A′￼

X = dark photon

Thermal photon density:

Production in thermal medium

fγ* =
1
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Γγ = − Im[πγ]/ω

mγ = Re[πγ]

aγ*

B

g2
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γ*
κ2m2

A′￼

A′￼

ΓX = (2π)3 dNX
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= PX fγ*

Conversion probability rate:
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In-medium photon propagator

In isotropic medium:

πIJ ≡ − (ϵI
μ)*ΠμνϵJ

ν =
πT 0 0
0 πT 0
0 0 πL

Plasma mixing matrix: “Diagonal in isotropic plasma”

Photon propagator in the 
(T,L) basis: dγ

IJ =
(K2 − πT)−1 0 0

0 (K2 − πT)−1 0
0 0 (K2 − πL)−1

Πμν
iso(K) = πTPμν

T1 + πTPμν
T2 + πLPμν

L
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dnAT,L→𝒮T,L

𝒮
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= ∫
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2π2
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Axions

Dark Photons

dγ
II(K) =

1
K2 − πI

I = T, L

Production rate per mode in an isotropic plasma

“Resonant or on-shell 
production”

Πμν
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L
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Photon self energy in an isotropic plasma

Πμν
(11)(K) = − ie2 ∫

d4Q
(2π)4

Tr [γμiS0
(11)(K + Q)γνiS0

(11)(Q)]

iS0
(11)(Q) = iS0

V(Q) + iS0
th(Q)

iS0
V(Q) = i

γμQμ + m
Q2 − m2 + iϵ

iS0
th(Q) = − N(Q ⋅ u)[iS0

V(Q) − iS̄0
V(Q)]

= − 2π N(Q ⋅ u)(γμQμ + m) δ(Q2 − m2)

“Vacuum part” “Thermal part”
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Photon self energy in a magnetized plasma

Πμν
(11)(K) = − ie2 ∫

d4Q
(2π)4

Tr [γμiSB
(11)(K + Q)γνiSB

(11)(Q)]

iSB
(11)(Q) = iS0

BV(Q) + iS0
th(Q)

Magnetized vacuum part: Thermal part:

iS0
BV (Q) = i

∞

∑
n=0

(−1)n e−αq𝒟n (Q)
q2

∥ − M2
n + iϵ

iS0
th(Q) =

∞

∑
n=0

(−1)n e−αq𝒟n (Q) [−2πN (q∥ ⋅ u) δ (q2
∥ − M2

n)]

“Landau representation”
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Photon self energy in a magnetized plasma

(ΠB)μν
(11)

(K) = − ie2 ∫
d4Q
(2π)4

Tr [γμiSB
(11)(K + Q)γνiSB

(11)(Q)]

iSB
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BV(Q) + iS0
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Magnetized vacuum part: Thermal part:

iS0
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∞

∑
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⊥L1

n−1 (2αq) + (γμqμ
∥ + m) [𝒮+Ln (2αq) − 𝒮−Ln−1 (2αq)]

M2
n ≡ m2 + 2neB

E2
n ≡ q2

∥ + M2
n
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Form-factors (FF) in magnetized plasmas

• Considered the Hermitian/real part of the self-energy to which the resonances are very sensitive


• Worked in the long wavelength limit (LWL), , ignoring the effects of back-reaction and 
diffusion


k ≪ ω/ve

Re[πi(ω, B)] =
e3B
4π

∞

∑
n=0

∫
∞

−∞
dq∥,b π(n)

i (ω, B, q∥,b), i = ⊥ , ∥ , ×
En = ± m2

e + q2
∥,b + 2neB

gn = 2 − δn
0

Doing this sum is hard!!


Let’s take various limits :)
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FF in magnetized plasmas: Sub-critical B-field

n(n=0)
e =

eB
2π ∫

∞

−∞

dq∥,b

2π
fe(E0) n(n>0)

e = 2∫
∞

2eB

d2 ⃗q⊥

(2π)2 ∫
∞

−∞

dq∥,b

2π
fe(E) ζ ≡

n(n=0)
e

n(n>0)
e
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FFs in magnetized plasmas: Quasi-isotropic limit

• The expressions for the FFs simplifies to 1-D integrals

π ∝ ∫ dq[⋯]
d
dq

( fe ± fē)

• The function  peaks at , where 
d

dq
( fe ± fē) v* =

ω1

ωp

ω2
1 = m2

e
e2

π2 ∫
1

0
dv

v2

(1 − v2)2 ( 5
3

v2 − v4) (fe + fē) E . B r a a t e n & 
D.Segel 1993
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Production rate:

Production in thermal medium
aγ*

B

g2
aγγB2

γ*
κ2m2

A′￼

A′￼

Γprod
X = (2π)3 dNX

dt dV d3 ⃗k
= PX fγ*
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Production rate:

PX =
G2

X Γγ

(m2
X − m2

γ )
2

+ (ωΓγ)
2Conversion probability rate:

Couplings:

Thermal photon density:

Production in thermal medium
aγ*

B

g2
aγγB2

γ*
κ2m2

A′￼

A′￼

fγ* =
1

eω/T − 1

G2
X = {

g2
aγK2 |ϵ ⋅ B0 |2 X = axion

χ2m4
A′￼

X = dark photon

Γprod
X = (2π)3 dNX

dt dV d3 ⃗k
= PX fγ*
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Production rate:

Weak Damping
PX =

πG2
X

ω
δ (m2

X − m2
γ )

Couplings:

Thermal photon density:

Production in thermal medium

Γγ ≪ ω

aγ*

B

g2
aγγB2

γ*
κ2m2

A′￼

A′￼

fγ* =
1

eω/T − 1

Conversion probability rate:

Γprod
X = (2π)3 dNX

dt dV d3 ⃗k
= PX fγ*

G2
X = {

g2
aγK2 |ϵ ⋅ B0 |2 X = axion

χ2m4
A′￼

X = dark photon



Nirmalya Brahma (McGill U.)

Production rate:
“Resonant or on-shell 

conversion”

m2
X = m2

γ

Γprod
X = (2π)3 dNX

dt dV d3 ⃗k
=

πG2
X

ω(eω/T − 1)
δ (m2

X − m2
γ )

Couplings:

Resonant production in thermal medium

aγ*

B

gaγγB

γ*
κm2

A′￼

A′￼

45

G2
X = {

g2
aγK2 |ϵ ⋅ B0 |2 X = axion

χ2m4
A′￼

X = dark photon
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Production rate:
“Resonant or on-shell 

conversion”

m2
X = m2

γ

ΓX = (2π)3 dNX

dt dV d3 ⃗k
=

πG2
X

ω(eω/T − 1)
δ (m2

X − m2
γ )

Photon effective mass

Couplings:

Resonant production in thermal medium

In-medium polarization vectors

aγ*

B

gaγγB

γ*
κm2

A′￼

A′￼
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G2
X = {

g2
aγK2 |ϵ ⋅ B0 |2 X = axion

χ2m4
A′￼

X = dark photon
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Production rate:
“Resonant or on-shell 

conversion”

m2
X = m2

γ

Couplings:

ΓX = (2π)3 dNX

dt dV d3 ⃗k
=

πG2
X

ω(eω/T − 1)
δ (m2

X − m2
γ )

Photon effective mass m2
γ = π(ω, ne, T, B, . . )

(Dispersion)

Resonant production in thermal medium

aγ*

B

gaγγB

γ*
κm2

A′￼

A′￼
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G2
X = {

g2
aγK2 |ϵ ⋅ B0 |2 X = axion

χ2m4
A′￼

X = dark photon
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Step 1: Calculate photon polarization tensor

Photon polarization tensor: Πμν =

Isotropic Magnetized

(ΠB)μν = π⊥Pμν
⊥ + π∥Pμν

∥ + π×Pμν
×Πμν = πTPμν

T + πLPμν
L

Longitudinal to B-field
Transverse to B-field

Gyrotropic term

Transverse to ⃗k
Longitudinal to ⃗k

48
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Step 2: Calculate plasma mixing matrix

Plasma mixing matrix:

Isotropic Magnetized

(ΠB)μν = π⊥Pμν
⊥ + π∥Pμν

∥ + π×Pμν
×Πμν = πTPμν

T + πLPμν
L

πIJ ≡ − (ϵI
μ)*ΠμνϵJ

ν, I, J = T1,T2,L

πIJ =

π⊥ −iπ×cθ −i K2

ω π×sθ

iπ×cθ π⊥c2
θ + π∥s2

θ
K2

ω (π⊥ − π∥) cθsθ

i K2

ω π×sθ
K2

ω (π⊥ − π∥) cθsθ
K2

ω2 (π∥c2
θ + π⊥s2

θ)

⃗k

T1( ̂x)

T2( ̂y)

L( ̂z)

“Non-Diagonal”

NB & K. Schutz JHEP 2024 

πIJ =
πT 0 0
0 πT 0
0 0 πL

⃗k
⃗B

θB

L( ̂z)

T2( ̂y)

T1( ̂x) 49

“Diagonal”
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Magnetic birefringence

Step 3: Diagonalize to obtain plasma normal modes
Isotropic Magnetized

(ΠB)μν = π⊥Pμν
⊥ + π∥Pμν

∥ + π×Pμν
×Πμν = πTPμν

T + πLPμν
L

Dispersion:

Polarization vectors:

ω2 = ⃗k2 + ω2
p

{ϵμ
T1, ϵμ

T2, ϵμ
L}

ω2 = ω2
p

Classical plasma πI′￼J′￼ =
π1 0 0
0 π2 0
0 0 π3

π1 ≠ π2

2

New Dispersion:

New Polarization vectors:

ω2 = ⃗k2 + πI′￼
, I′￼ = 1,2,3

{ϵμ
1 , ϵμ

2 , ϵμ
3 }

πIJ =

ω2
p 0 0

0 ω2
p 0

0 0 K2

ω2 ω2
p

2

L( ̂z)

T2( ̂y)

T1( ̂x)

3 ⃗k

θB
1

⃗B
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Cyclotron resonance:

b ∼ ωm

ωB ∼ ω

Isotropic limit

Suppressed transverse part

Response of a magnetized plasma: Form-factors

“Classical kinetic 
theory”

Cold, weakly magnetized 
plasma

b =
ωB

me
=

eB
m2

e

π⊥ ∼
ω2

pω2

ω2 − ω2
B
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b ∼ ωm

ωB ∼ ω

Response of a magnetized plasma: Form-factors

Cyclotron resonance:
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δπI ≡ (πI
AA)FTFT/(πI

AA)kin − 1

All panels:

Right panel:

k/ω = 10−2, θB = π/4

Left panel:
Tm = 10−4

ωm = 10−4

I = 1

I = 2
b ∼

ω m

b ∼ Tm
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Response of a magnetized plasma: Form-factors
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Cyclotron resonance:

b ∼ ωm/ 1 − v2
*

ω ∼ ωB/μm ω ∼ ωB/γ*

Degenerate Relativistic

Classical
μm = 1/ 1 − v2

* γ = 1/ 1 − v2
*

v* → 0

ω ∼ ωB

Response of a magnetized plasma: Form-factors
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Dispersion in magnetized plasmas: Sub-critical B-field & Classical

All panels:

Right panel:

k/ω = 10−2, θB = π/4

Left panel:
Tm = 10−4

ωm = 10−4
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Production in magnetized plasmas: Magnetic dispersion

ωp = mX

56

⃗k
⃗B

θB

L( ̂z)

T2( ̂y)

T1( ̂x)



Nirmalya Brahma (McGill U.)

Magnetized white dwarf cooling: Dark photons
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Axions and Dark photons
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Dispersion in magnetized plasmas: Axion channels
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