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Basics of Axion-Photon Conversion

Laγ = −gaγ
4
aFµν F̃

µν = gaγa E ·B
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Type Ia Supernova



Type Ia supernova

F =
L

4πDL
2
,

• Measure F,DL ⇒ L “anchor”

• Measure F ⇒ DL “std candle”
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Type Ia supernova

γ flux is not converved:

F =
L

4πDL
2
,

• Measure F,DL ⇒ L “anchor”

• Measure F ⇒ Pγγ(DL)/D2
L

• The a− γ conversion modifies how we map flux F to the lum
distance DL

• The shape of F (DL) is modified

• In a ΛCDM universe, DL = DL(z), this shows up as a change in
F (z) shape
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Type Ia supernova

γ flux is not converved:

F = Pγγ(DL)
L

4πDL
2
,

• Measure F,DL ⇒ L “anchor”

• Measure F ⇒ Pγγ(DL)/D2
L

• The a− γ conversion modifies how we map flux F to the lum
distance DL

• The shape of F (DL) is modified

• In a ΛCDM universe, DL = DL(z), this shows up as a change in
F (z) shape which is constrained by SN Ia data set
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The likelihood:

−2 lnLPan =

1048∑
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mPan
i −mth(zi; θ,M)
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CPanij

(
mPan
j −mth(zj ; θ,M)

)

Chen Sun (Tel Aviv U.) — Axions v.s. Cosmic Distance 6 / 12



Galaxy Clusters



θ ∼ `
DA

• γ − a oscillation won’t affect
DA if ` is known (std ruler)

• Some objects have unknown
size `, which can only be
inferred from their brightness
measurement
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Galaxy Clusters

Observable:

• X-ray surface brightness

SX ∝
∫
n2
eΛeed` =

∫
n2
eΛeeDAdθ

• Sunyaev-Zel’dovich Effect (SZE)

∆TCMB ∝
∫
neTed` =

∫
neTeDAdθ
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DA ∝
∆T 2

CMB

SX
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DA ∝
∆T 2

CMB
SX

With axions, the observables are affected as

∆TCMB → ∆TCMB × P IGMγγ (ωCMB)

SX → SX × P IGMγγ (ωX)
〈
P ICMγγ (ωX)

〉
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∆TCMB → ∆TCMB × P IGMγγ (ωCMB)

SX → SX × P IGMγγ (ωX)
〈
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〉
which leads to a modification of the angular diameter distance

DA → DA ×
P IGMγγ (ωCMB)2
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Results – New Way to Constrain aγ Coupling
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• IGM

• ICM
- - with BAO (Planck rs prior)
- with BAO (SH0ES M0 prior)
BIGM = 1 nG

BICM = 25 µG(ne(r)/ne(0))0.7

sIGM = 1 Mpc

sICM ∈ (3.5 kpc, 10 kpc)

P (z)γ→a:
• IGM → DL(z) → SNIa data;

• ICM → DA(z) → clusters;

• Constraints on ma . 10−12 eV

• Independent of H0 tension

• Different systematics from
other bounds (i.e. CMB spectrum)

• IGM: gaγγ ∝ B−1
IGM

s
−1/2
IGM• ICM: quantified w/ BICM models

• Improvements:
• F (z) SNe
• SX and ∆TCMB in galaxy clusters
• BIGM , BICM
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Back up slides
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Photon-axion oscillation

In a homogeneous environment:

Pγ→a =
(2∆)2

k2
sin2

(
kx

2

)
=

g2
aγB

2

g2
aγB

2 + (m2
a −m2

γ)2/(4ω2)
sin2

((
1

2

√
g2
aγB

2 +
(m2

a −m2
γ)2

4ω2

)
x

)
,

where mγ is the photon plasma frequency, m2
γ = 4παne

me
.

Three scales: ∆, k, x.

kx < 1 kx > 1

∆ ∼ k 1
4g

2
aγB

2x2 ∼ 1
2

∆� k 1
4g

2
aγB

2x2 2g2aγB
2

(m2
a−m2

γ)/ω2
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IGM – magnetic field strength

IGM magnetic field:

• CMB anisotropies, lack of Faraday rotation of of quasars, BIGM . nG.

• Non-observation of cascade emission of TeV γ-ray, BIGM & 10−16 G.
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IGM – magnetic field strength

Note that in the oscillation formula,

P0 =
g2
aγB

2

g2
aγB

2 + (m2
a −m2

γ)2/(4ω2)
sin2

((
1

2

√
g2
aγB

2 +
(m2

a −m2
γ)2

4ω2

)
z

)
,

(gaγB) shows up hand-in-hand.

• So what we bound in IGM is actually on (gaγB).

• In this work, we take common benchmark BIGM ∼ nG.

• Future detection of BIGM < nG will rescale the bounds on gaγ as
BIGM/nG.

c.f. Durrer and Neronov 2013, Vachaspati 2010
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IGM – electron density

P0 =
g2
aγB

2

g2
aγB

2 + (m2
a −m2

γ)2/(4ω2)
sin2

((
1

2

√
g2
aγB

2 +
(m2

a −m2
γ)2

4ω2

)
z

)
,

At low redshift, z < 0.5,

baryons

Lyman-α forest, 28 ± 11%, & 90% volume

warm-hot intergalactic matter, . 10% volume

• n̄e,Lyα ≈ 6.5× 10−8 cm−3
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IGM – electron density

At low redshift, z < 0.5,

baryons

Lyman-α forest, 28 ± 11%, & 90% volume

warm-hot intergalactic matter, . 10% volume

• n̄e,Lyα ≈ 6.5× 10−8 cm−3

Simulation shows at z < 1 (c.f. Martizzi 2018)

Lyman-α

underdense patches, a.k.a. cosmic voids ∼ 30− 50% vol.

2D structures, a.k.a. sheets ∼ 30− 50% vol.

• ne ≈ 1.6× 10−8 cm−3 (cosmic voids)
• ne ≈ 3.0× 10−8 cm−3 (sheets)
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ICM – Electron density

The ICM electron density can be modeled using the double-β profile

ne,ICM = ne,0

(
f

(
1 +

r2

r2
c1

)− 3β
2

+ (1− f)

(
1 +

r2

r2
c2

)− 3β
2

)

• “Regular” clusters (Coma-like): single beta f = 1

• “Cool-core” clusters (Perseus-like): double-β to account for the core
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ICM – Electron density

Bonamente et al. 2006

Chen Sun (Tel Aviv U.) — Axions v.s. Cosmic Distance 12 / 12



ICM – Magnetic field

We follow previous studies and assume a BICM profile

BICM = Bref

(
ne(r)

ne(rref )

)η
with two profiles similar to Perseus, and one similar to Coma

Model rref Bref η

A 0 kpc 25 µG 0.7

B 25 kpc 7.5 µG 0.5

C 0 kpc 4.7 µG 0.5

Bonafede et al. 2010, Feretti et al. 2012,

Reynolds et al. 2019, Angus et al. 2014
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ICM – Magnetic field
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ICM – Magnetic field

We follow previous studies and assume a BICM profile

BICM = Bref

(
ne(r)

ne(rref )

)η
with two profiles similar to Perseus, and one similar to Coma

Model rref Bref η

A 0 kpc 25 µG 0.7

B 25 kpc 7.5 µG 0.5

C 0 kpc 4.7 µG 0.5

no ICM n/a 0 µG n/a

Bonafede et al. 2010, Feretti et al. 2012,

Reynolds et al. 2019, Angus et al. 2014,

Libanov and Troitsky 2020
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∆TCMB → ∆TCMB × P IGMγγ (ωCMB)

SX → SX × P IGMγγ (ωX)

DA → DA ×
P IGMγγ (ωCMB)2

P IGMγγ (ωX)
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∆TCMB → ∆TCMB × P IGMγγ (ωCMB)

SX → SX × P IGMγγ (ωX)
〈
P ICMγγ (ωX)

〉
DA → DA ×

P IGMγγ (ωCMB)2

P IGMγγ (ωX)

〈
P ICMγγ (ωX)

〉
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−2 lnLcl =

38∑
i=1

(
Dexp
A,i −Dth

A (zi; θ)

σexpi

)2
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Other data sets

• SH0ES:

−2 lnLSH0ES =

19∑
i=1

(
mSH0ES

10,i −m10

σSH0ES
i

)2

• TDCOSMO:

−2 lnLTDCOSMO =

(
HTD

0 −H0

σTD

)2

• BAO: (BOSS DR12 CMASS and LOWZ; 6dFGS, MGS)

−2 lnLBAO =
∑
i,j

∆iC
BAO
ij ∆j

∆i = (QBAOi −QΛCDM (zi; ΩΛ, H0, r
drag
s ))

• Planck

−2 lnLPl =

(
rPls − rs
σPl

)2
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Late vs Early

• The theory parameters:

θ =
(
H0,ΩΛ︸ ︷︷ ︸
ΛCDM

; ma, gaγ︸ ︷︷ ︸
axion

; m10, r
drag
s︸ ︷︷ ︸

nuisance

)
• The likelihoods:

Learly ≡ LPan · Lcluster · LBAO · LPl

Llate = LPan · Lcluster · LBAO · LSH0ES · LTD

• Production runs:

{
early

late

}
⊗

{
nIGMe = 1.6× 10−8 cm−3

nIGMe = 3.0× 10−8 cm−3

}
⊗


ICM A
ICM B
ICM C
no ICM


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• Little difference between
nIGMe = 1.6× 10−8 and
3.0× 10−8 cm−3

• linear to nonlinear regime triggered by ma

• Small difference between early and late
• What matters most is the shape of H(z)

• “ICM A” is most optimistic, “no ICM”
most conservative.
• Only in ’no ICM’ runs the constraint is on

gaγB
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late w/o ICM
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early w/o ICM
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Code: Modular Design

Interface:

• cosmo_axions_run.py

• cosmo_axions_analysis.py
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Code: Modular Design

Interface:

• cosmo_axions_run.py $python cosmo_axions_run.py -L likelihoods/ -o

path/to/output/ -i inputs/the_param_file.param -N chain_length -w number_of_walkers

• cosmo_axions_analysis.py $python cosmo_axions_analysis.py -i

path/to/your/chain/
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Code: Modular Design

Interface:

• cosmo_axions_run.py

• cosmo_axions_analysis.py

Internal:

• data.py

• chi2.py

• cosmo.py

• ag_probs.py

• icm.py

• igm.py
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Code: Modular Design

Interface:

• cosmo_axions_run.py

• cosmo_axions_analysis.py

Internal:

• data.py data loading and initialization

• chi2.py defines log(lkl) of each data set

• cosmo.py cosmological functions, H(z), DA(z), τ(z), etc.

• ag_probs.py axion-photon related functions, mγ(ne), P (z), etc.

• icm.py ICM related functions, nICMe (r), PICM (r), etc.

• igm.py IGM related functions, PIGM (r), etc.
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likelihoods/

• BAO

• cluster

• Pantheon

• SH0ES
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likelihoods/

• BAO BAO_*.txt

• cluster add.txt, bonamente_add.txt

• Pantheon lcparam*.txt, sys_*.txt

• SH0ES lstAnchor.csv
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Input card

inputs/

• likelihoods to use:
...
use_TDCOSMO = True
use_SH0ES = True
use_early = False
use_Pantheon = True
use_BOSSDR12 = True
use_BAOlowz = True
use_clusters = True
...

• range to scan:

# var = [initial, low, up, step]
OmL = [0.6847, 0.6, 0.75, 0.015]
h0 = [ 0.73, 0.6, 0.8, 0.02]
logma = [ -14, -17, -11, 0.25]
logga = [ -11, -18., -8., 0.1]
M0 = [ -19.3, -21, -18, 0.1]
rs = [147.78, 120., 160., 1.]
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Pull requests, forks, and
issue tickets are all
welcomed!
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