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Things that I won’t talk about –

• review of the cosmological constraints of FIPs →c.f. Wallisch’s talk

• review of the astrophysical constraints of FIPs → c.f. Carenza’s talk

• Israel election, US midterm, etc.
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gaγaF F̃ ∼ gaγa E · B

Γa ∼ g2
aγm

3
a

Pγ→a ∼ (gaγBL)2
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gaγaF F̃ ∼ gaγa E · B

Γa ∼ g2
aγm

3
a

Pγ→a ∼ (gaγBL)2

Because we know gaγ is tiny (below O(10−11)GeV−1 from CAST, Superstar clusters,

NGC1275, CMB spectral distortion, SN explosion ...)

• enhance the decay rate suppressed by the phase space.

• maximize (B × L) by strong B or large L,
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• Forward signal: arrives together with γ triggering the decay
• Backward signal:

• separated from γ that generate them
• not directly related to the radio source brightness at detection

time candidates: galactic supernova remnants ∼O(1000) yo
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Signal/ Noise

Psignal =Sν ·∆ν ·A ·η
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signal flux density
[power/area/freq] line width ∼ 10−3(ma/4π)

telescope area∑
(unit area)

telescope efficiency
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Signal/ Noise

Pnoise,inst = Tsys ∆ν

• Tcmb ≈ 2.73 K

• Tatm ≈ 3 K at 1 GHz, ∼ O(100) K at 100 MHz.

• Tgal ∼ O(10) K (inhomogeneous, Haslam 408 MHz map),

• Trcv ≈ 40 K for SKA-low, and Tr ∼ O(10) K for SKA-mid

• Tspl . 3 K
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Signal/ Noise

Pnoise =
∑

units

(
Tsys ∆ν

)(
# of meas.

)1/2
• ∑

units is over all stations/dishes that receives the signal

• (# of meas.) is the number of independent measurements
• 2 polarizations
• (∆ν tobs) during tobs

• # of dishes (single-dish mode)
• # of baselines (interferometry mode)
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G39.7-2.0 (W50)

(l, b) = (39.7◦,−2◦)

θs = 85 arcmin
S

(0)
1GHz,s = 85 Jy (∗)
D = 4.9 kpc

tage = 30, 000–100, 000 years
α = 0.7 (∗)
γ = 1.92
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G6.4-0.1 like

(l, b) = (64◦,−0.1◦)

θs = 48 arcmin
S

(0)
1GHz,s = 310 Jy (∗)
D = 1.9 kpc

tage ∼ 35, 000 years
α = 0.65 (∗)
γ = 1.84

tpk = ttran/30
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γ − a oscillation in the cosmological context
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Mpc



angular size physical size

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

angular diameter distance
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Galaxy Clusters

Observable:

• X-ray surface brightness

SX ∝
∫
n2
eΛeed` =

∫
n2
eΛeeDAdθ

• Sunyaev-Zel’dovich Effect (SZE)

∆TCMB ∝
∫
neTed` =

∫
neTeDAdθ

Chen Sun (Tel Aviv U.) — Novel Astro-probes of Axion (FIPs2022) 11 / 17



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)

〉
which leads to a modification of the angular diameter distance

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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Gpc



F =
L

4πDL
2 ,
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Type Ia supernova

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; Λ, H0)⇒ flux-redshift relation.
Shape of F (z; gaγ ,Λ) can be constrained by SNIa data set

• gaγ degenerates with Λ, but if If Λ is anchored by an external data
set, e.g. BAO or galaxy clusters, the constrain on F (z) is a
constraint on gaγ
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Summary

• There is rich phenomenology in the propagation of photons emitted
by natural sources, induced by axion or axion DM.
· high photon occupation number · magnetic field · long baselines

• kpc: DM a→ γf + γb leads to echo signals from transient sources
(that are dim today) by the stimulated decay
thanks to the large γf occupation number;

γb depends on historical source brightness; has low background;

• Mpc: γ → a in BICM modifies distance inference of galaxy clusters
introduce a cluster dependence to the reconstructed Hubble diagram.

• Gpc: γ → a in BIGM modifies distance inference of SNIa,
introduce an extra redshift dependence to the Hubble diagram.
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� https://github.com/ChenSun-Phys/cosmo_axions
� https://github.com/ChenSun-phys/snr_ghosts
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Backup slides
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L(t) = Lpeak e1.5(1−tpeak/t)
(

t

tpeak

)−1.5

,
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L(t) = Lpeak e1.5(1−tpeak/t)
(

t

tpeak

)−1.5

,

L(t) = L(ttran)

(
t

ttran

)−γ



Phases of SNR Evolution

• 1. Free expansion, ∼ O(100) yr

• 2. Adiabatic, ∼ O(104) yr

• 3. Snow plough, ∼ O(105) yr

• 4. Dispersion phase, ∼ O(106) yr
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L(t) = Lpeak e1.5(1−tpeak/t)
(

t

tpeak

)−1.5

,

L(t) = L(ttran)

(
t

ttran

)−γ
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shape parameter
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shape parameter
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← We can anchor with Lpeak

← or with late time L0,
and extrapolate backward

↑ ↑ ↑
shape parameter



Chen Sun (Tel Aviv U.) — Novel Astro-probes of Axion (FIPs2022) 17 / 17



Chen Sun (Tel Aviv U.) — Novel Astro-probes of Axion (FIPs2022) 17 / 17



Chen Sun (Tel Aviv U.) — Novel Astro-probes of Axion (FIPs2022) 17 / 17



Chen Sun (Tel Aviv U.) — Novel Astro-probes of Axion (FIPs2022) 17 / 17



Early phase : statistics of 262 SNe measured in the range of 2-10 GHz
leads to

Lpeak = 101.7±0.9erg s−1 Hz−1, tpeak = 1025.5±1.5 d

Bietenholz et al. (2011.11737)

Late phase : statistics of 294 SN remnants from Green and SNRcat:

• L0 ∼ O(10) Jy

• α ∼ 0.5 (spectral index)

• angular size ∼ O(10) arcmin

• galactic coordinate

• distance ∼ O(kpc)

• age (X-ray observation etc.)
∼ O(103)−O(105) years
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Signal of finite size, θsig

Single dish mode:

Psignal → Psignal

Pnoise → Pnoise

(
θsig
θres

)
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Signal of finite size, θsig

Interferometry mode:

Psignal → PsignalΘ(λ/B − θsig)

Pnoise → Pnoise/(# of meas.)1/2
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gaγγ [10−10 GeV−1]



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
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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

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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Paγ(x)

Paγ =
(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

)
,

• “Baseline”: intergalactic medium (IGM)

• “Baseline specs”: B,ne
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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 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, Nicastro et al. Nature 2018, Martizzi et al. MNRAS, 2019

baryons

Lyman-α forest, 28 ± 11% mass, & 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, Nicastro et al. Nature 2018, Martizzi et al. MNRAS, 2019

baryons

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

warm-hot intergalactic matter, . 10% volume

• n̄e,Lyα ≈ 6.5× 10−8 cm−3

Simulation shows at z < 1

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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Late vs Early

• The theory parameters:

θ =
(
ma, gaγ︸ ︷︷ ︸

axion

; H0,ΩΛ︸ ︷︷ ︸
ΛCDM

; m10︸︷︷︸
nuisance

)
• The likelihoods:

L ≡ LPan · Lcluster · ...
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• The theory parameters:

θ =
(
ma, gaγ︸ ︷︷ ︸

axion

; H0,ΩΛ︸ ︷︷ ︸
ΛCDM

; m10, r
drag
s︸ ︷︷ ︸

nuisance

)
• The likelihoods:

Learly ≡ LPan · Lcluster · LBAO · LPlank

Llate = LPan · Lcluster · LBAO · LSH0ES · LTD
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Late vs Early

• The theory parameters:

θ =
(
ma, gaγ︸ ︷︷ ︸

axion

; H0,ΩΛ︸ ︷︷ ︸
ΛCDM

; m10, r
drag
s︸ ︷︷ ︸

nuisance

)
• The likelihoods:

Learly ≡ LPan · Lcluster · LBAO · LPlank

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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Other data sets (priors)

• 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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