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The Irreducible Axion

[PRL 2022] w/ Kevin Langhoff, Nadav Outmezguine
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Bonus: the SHO and axion haloscopes

[PRL 2023] w/ Jeff Dror, Stefania Gori, Jacob Leedom
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Partial summary 
[O’Hare github]
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Star Emission Bounds

Do not require a = DM
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Star Emission Bounds

CAST

Do not require a = DM
Suppressed for 

δk ∼
m2

a

2ωa
≫ L−1

[CAST 2007, 2017]
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Star Emission Bounds

Horizontal Branch

Do not require a = DM

[Ayala+ 2014], [Carenza+ 2020],

cf. [Dolan+ 2207.03102]
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Star Emission Bounds

Supernova 1987A

Do not require a = DM

[Balázs+ 2205.13549], [Jaeckel+ 2018], 

[Massó+ 1995], [Lucente+ 2020], [Caputo+ 2022]
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Star Emission Bounds

Stellar Basin

Do not require a = DM

[Van Tilburg 2021], [DeRocco+ 2022]
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Require a = DM
Dark Matter Decay
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For models of heavy axion DM, see e.g.

[Foster, Kumar, Safdi, Soreq 2208.10504],


[Panci, Redigolo, Schwetz, Ziegler 2209.03371]
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Require a = DM
Dark Matter Decay
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For models of heavy axion DM, see e.g.

[Foster, Kumar, Safdi, Soreq 2208.10504],


[Panci, Redigolo, Schwetz, Ziegler 2209.03371]

Dark Matter Decay
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<latexit sha1_base64="edaN3yo48ou0V3jsOKrDhPwGI24=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKDdovV9yqOwdZJV5OKpCj3i9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IQ3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukdVH1rqpu47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPw8+M5g==</latexit>a

Dark Matter Decay

XMM-Newton

[Foster, NLR+ PRL 2021]
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Motivation
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[Gramolin+ Nature Physics 2021]
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Motivation
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Motivation
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Motivation
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 - what if  was a 
tiny fraction of DM?

∼ 108

a = DM a ≠ DM
Φ ∝ g2

aγγ a
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Motivation
<latexit sha1_base64="AisThsqVfGFCRk6RP0AG/KalSJw="></latexit>

L � �1

4
ga��a(FF̃ )

Partial summary 
[O’Hare github]

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

ma [eV]

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

|g
a∞

∞
|[

G
eV

°
1 ] X-ray

CMB

CRB

There is an irreducible 
abundance that can be 
strongly constrained!

Cf. [Balázs, Bloor, Gonzalo, Handley, Hoof, Kahloefer, 
Lecroq, Marsh, Renk, Scott, Stöcker 2205.13549]
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Outline

1. Sensitivity Estimate


2. Abundance


3. Constraints


4. Extensions


(Bonus: a few words on Haloscope Sensitivity)



Sensitivity Estimate
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Sensitivity Estimate

[Langhoff, Outmezguine, NLR PRL 2022]

Take 

Early Universe: photon conversion ( ) 


freezes-in axions


    (1)

ma = 10 keV
γe → ae

ℱa ≃ 10−4 (
gaγγ

gHB
aγγ )

2

( TRH

5 MeV )
= ρa /ρDM

UV dominated
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Sensitivity Estimate

[Langhoff, Outmezguine, NLR PRL 2022]

X-ray constraints at ~10 keV require





Must satisfy  and , so


    (2)

τDM ≳ 1029 s ⇒ gDM
aγγ ≲ 7 × 10−19 GeV−1 ≃ 10−8gHB

aγγ

ρa/τa ≲ ρDM/τDM τ−1 ∝ g2
aγγ

ℱa ≲
τa

τDM
= (

gDM
aγγ

gaγγ )
2
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Sensitivity Estimate

[Langhoff, Outmezguine, NLR PRL 2022]

X-ray constraints at ~10 keV require





Must satisfy  and , so


    (2)

τDM ≳ 1029 s ⇒ gDM
aγγ ≲ 7 × 10−19 GeV−1 ≃ 10−8gHB

aγγ

ρa/τa ≲ ρDM/τDM τ−1 ∝ g2
aγγ

ℱa ≲
τa

τDM
= (

gDM
aγγ

gaγγ )
2
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Sensitivity Estimate

[Langhoff, Outmezguine, NLR PRL 2022]

    (1)           (2)


Combine (1) and (2)








ℱa ≃ 10−4 (
gaγγ

gHB
aγγ )

2

( TRH

5 MeV ) ℱa ≲
τa

τDM
= (

gDM
aγγ

gaγγ )
2

10−4 (
gaγγ

gHB
aγγ )

2

≲ (
gDM

aγγ

gaγγ )
2

⇒
gaγγ

gHB
aγγ

≲ 104 (
gDM

aγγ

gHB
aγγ )

2
1/4

≃ (10−12)1/4 ≃ 10−3

⇒ gaγγ ≲ 7 × 10−14 GeV−1 ≪ gHB
aγγ
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Sensitivity Estimate

[Langhoff, Outmezguine, NLR PRL 2022]

    (1)           (2)


Combine (1) and (2)
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Sensitivity Estimate

[Langhoff, Outmezguine, NLR PRL 2022]

    (1)           (2)


Combine (1) and (2)
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gaγγ
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Abundance
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Abundance

[Langhoff, Outmezguine, NLR PRL 2022]

Cf. [Balázs+ 2205.13549]

Axions produced by at least three interactions

Two are UV dominated - depend critically on , 
but there is a minimal value consistent with BBN

TRH

TRH ≳ 5 MeV
[Hannestad 2004], [Kawasaki+ 1999, 2000], [Ichikawa+ 2005, 2007], 

[Salas+ 2015], [Hasegawa+ 2019]



Nick Rodd  |  The Irreducible Axion 27

Abundance

[Langhoff, Outmezguine, NLR PRL 2022]
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Compute the freeze-in abundance* ℱa = ρa/ρDM

*For  thermalizes 

for 

T min
RH

gaγγ ≳ 10−7 GeV−1
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Abundance

[Langhoff, Outmezguine, NLR PRL 2022]

Compute the freeze-in abundance* ℱa = ρa/ρDM

*For  thermalizes 

for 

T min
RH

gaγγ ≳ 10−7 GeV−1
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Photon Conversion

Exponentially 
suppressed for 

ma ≫ TRH
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Abundance

[Langhoff, Outmezguine, NLR PRL 2022]

Compute the freeze-in abundance* ℱa = ρa/ρDM

*For  thermalizes 

for 

T min
RH

gaγγ ≳ 10−7 GeV−1
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Inverse Decays

Dominant at 
large ma
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Abundance

[Langhoff, Outmezguine, NLR PRL 2022]

Compute the freeze-in abundance* ℱa = ρa/ρDM

*For  thermalizes 

for 

T min
RH

gaγγ ≳ 10−7 GeV−1

 annihilationse−e+
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Abundance

[Langhoff, Outmezguine, NLR PRL 2022]
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Constraints
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Constraints

[Langhoff, Outmezguine, NLR PRL 2022]

Start with  constraintsa ≠ DM
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Spectral distortions 

[Balázs, Bloor, Gonzalo, Handley, Hoof, Kahloefer, 
Lecroq, Marsh, Renk, Scott, Stöcker 2205.13549]

BBN Bound 

[Depta, Hufnagel, Schmidt-Hoberg 2020]
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Constraints

[Langhoff, Outmezguine, NLR PRL 2022]
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Irreducible abundance is small, but testable
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Constraints

[Langhoff, Outmezguine, NLR PRL 2022]
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Starting point: X-ray Constraints


Φa = ΦDM ⇒ ℱa ≃ τa→γγ /τDM

Assume mass independent

τDM = 1028 s

 exponentially depleted 
for 

ℱa
ma ≫ TRHFor this simple example, 

ignore inverse decays



Nick Rodd  |  The Irreducible Axion 36

Constraints

[Langhoff, Outmezguine, NLR PRL 2022]

For this simple example, 
ignore inverse decays
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Starting point: X-ray Constraints


Φ ∝ τ−1
a→γγ exp[−tU /τa]

Neglected previously - cuts 
constraints at large couplings

τa→γγ ≃ 0.1tU
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Constraints

[Langhoff, Outmezguine, NLR PRL 2022]

Starting point: X-ray Constraints


Φ ∝ τ−1
a→γγ exp[−tU /τa]

Neglected previously - cuts 
constraints at large couplings
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Constraints

[Langhoff, Outmezguine, NLR PRL 2022]
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Need earlier probes, even if weaker for DM


Consider decays throughout the Universe

[“The Spectrum of the Universe” 
Hill, Masui, Scott 2018]

Cosmic Radiation Background

Probes ; 0 ≲ z ≲ 20 50 eV ≲ Eγ ≲ 3 keV
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Constraints

[Langhoff, Outmezguine, NLR PRL 2022]
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CMB allows for probes of earlier epochs still

Conservatively extend DM CMB 
constraints to 


[Slatyer, Wu 2017], [Poulin, Lesgourgues, Serpico 2017], 
[Cang, Gao, Ma 2020], [Bolliet, Chluba, Battye 2021]

ℱa ≪ 1

See [Balázs+ 2205.13549] 
for a full CMB analysis

Simons Observatory



Extensions

10
°

15

10
°

10

F a
=

10
°5

1

1

101 102 103 104 105

ma [keV]

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

g a
ee

C
M

B
a!

∞∞

CMB a ! e°e+

X-ray

SD

SN1987A Decays
!Cen

TRH = 5 MeV



Nick Rodd  |  The Irreducible Axion 41

Extensions

[Langhoff, Outmezguine, NLR PRL 2022]

Logic readily extends to the electron coupling and 
can also add a contribution from misalignment


Irreducible abundance can also be considered for the

sterile neutrino, dark photon, gravitino, …



Bonus: haloscope sensitivity
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Haloscope Sensitivity

A result commonly used for haloscope sensitivity


<latexit sha1_base64="t2xYoemYwqO2K3h10VGc9ffJ1GU="></latexit>

g /
⇢

T�1/2 T ⌧ ⌧a
T�1/4 T � ⌧a

[Budker, Graham, Ledbetter, 
Rajendran, Sushkov 2013]
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Haloscope Sensitivity

A result commonly used for haloscope sensitivity


<latexit sha1_base64="t2xYoemYwqO2K3h10VGc9ffJ1GU="></latexit>

g /
⇢

T�1/2 T ⌧ ⌧a
T�1/4 T � ⌧a

[Budker, Graham, Ledbetter, 
Rajendran, Sushkov 2013]

Axion coherence time


τa ∼ 2π /mav2

∼ 1 s (1 neV/ma)

Dicke radiometer 
equation predicts: T−1/4
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Haloscope Sensitivity

That scaling does not hold in general

<latexit sha1_base64="NSH2j1eV5np8b6w6xAs7UBun4O4="></latexit>

g /

8
>><

>>:

T�3/2 T ⌧ ⌧a, ⌧r
T�1 ⌧a ⌧ T ⌧ ⌧r
T�1/2 ⌧r ⌧ T ⌧ ⌧a
T�1/4 T � ⌧a, ⌧r

[Dror, Gori, Leedom, NLR PRL 2023]

Instrument coherence 
time, e.g.  for NMR 
or  for a cavity

T2
2πQ /ω̄

Straightforward to derive: axion is a weak driving force for resonant 
systems, problem maps to the SHO, and can be solved analytically
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Haloscope Sensitivity

Example: axion NMR


dM
dt

= M × γB −
Mxx̂ + Myŷ

T2
−

(Mz − M0) ̂z
T1

[Dror, Gori, Leedom, NLR PRL 2023]



Nick Rodd  |  The Irreducible Axion 47

Haloscope Sensitivity

Example: axion NMR


dM
dt

= M × γB −
Mxx̂ + Myŷ

T2
−

(Mz − M0) ̂z
T1

[Dror, Gori, Leedom, NLR PRL 2023]

Axion-nucleon coupling 
generates a magnetic field


B = (−2gN /γ)∇a
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Haloscope Sensitivity

Example: axion NMR


dM
dt

= M × γB −
Mxx̂ + Myŷ

T2
−

(Mz − M0) ̂z
T1

[Dror, Gori, Leedom, NLR PRL 2023]

Treat axion as a small perturbation


··Mx + 2T−1
2

·Mx + ω2
0 = γM0[ω0Bx − ·By]
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Haloscope Sensitivity

Example: axion NMR


dM
dt

= M × γB −
Mxx̂ + Myŷ

T2
−

(Mz − M0) ̂z
T1

[Dror, Gori, Leedom, NLR PRL 2023]

Treat axion as a small perturbation


··Mx + 2T−1
2

·Mx + ω2
0 = γM0[ω0Bx − ·By]

The simple harmonic oscillator - holds 
for general resonant axion halo scopes

 = coherence of 
the driving force
τa = coherence of 

the response
T2
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Haloscope Sensitivity

Solve for the growth of  analytically
Mx

[Dror, Gori, Leedom, NLR PRL 2023]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

t [ø ]

0

2

4

6

8

10

12

14

p
h(

M
(t

)/
gM

0p
Ω a

)2
i

Plane Wave Model
t = øa

t = T2

M(t) / t

M(t) /
p

t

M(t) /
p

t

T < τa ⇒ M(t) ∝ t

τa < T < T2 ⇒ M(t) ∝ t

T2 < T ⇒ M(t) ∝ const
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Haloscope Sensitivity

Sensitivity scaling:  ( )
σ = Psig/Pbkg Psig ∝ g2

<latexit sha1_base64="NSH2j1eV5np8b6w6xAs7UBun4O4="></latexit>

g /

8
>><

>>:

T�3/2 T ⌧ ⌧a, ⌧r
T�1 ⌧a ⌧ T ⌧ ⌧r
T�1/2 ⌧r ⌧ T ⌧ ⌧a
T�1/4 T � ⌧a, ⌧r

[Dror, Gori, Leedom, NLR PRL 2023]
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Haloscope Sensitivity

Sensitivity scaling:  ( )
σ = Psig/Pbkg Psig ∝ g2

<latexit sha1_base64="NSH2j1eV5np8b6w6xAs7UBun4O4="></latexit>

g /

8
>><

>>:

T�3/2 T ⌧ ⌧a, ⌧r
T�1 ⌧a ⌧ T ⌧ ⌧r
T�1/2 ⌧r ⌧ T ⌧ ⌧a
T�1/4 T � ⌧a, ⌧r

[Dror, Gori, Leedom, NLR PRL 2023]

 and Psig ∝ M2 ∝ T2 Pbkg ∝ 1/T

White noise: larger  integrate 
over a smaller range

T
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Haloscope Sensitivity

Sensitivity scaling:  ( )
σ = Psig/Pbkg Psig ∝ g2

<latexit sha1_base64="NSH2j1eV5np8b6w6xAs7UBun4O4="></latexit>

g /

8
>><

>>:

T�3/2 T ⌧ ⌧a, ⌧r
T�1 ⌧a ⌧ T ⌧ ⌧r
T�1/2 ⌧r ⌧ T ⌧ ⌧a
T�1/4 T � ⌧a, ⌧r

[Dror, Gori, Leedom, NLR PRL 2023]

 and Psig ∝ M2 ∝ T Pbkg ∝ 1/T
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Haloscope Sensitivity

Sensitivity scaling:  ( )
σ = Psig/Pbkg Psig ∝ g2

<latexit sha1_base64="NSH2j1eV5np8b6w6xAs7UBun4O4="></latexit>

g /

8
>><

>>:

T�3/2 T ⌧ ⌧a, ⌧r
T�1 ⌧a ⌧ T ⌧ ⌧r
T�1/2 ⌧r ⌧ T ⌧ ⌧a
T�1/4 T � ⌧a, ⌧r

[Dror, Gori, Leedom, NLR PRL 2023]

 and Psig ∝ M2 ∝ const Pbkg ∝ 1/T
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Haloscope Sensitivity

Sensitivity scaling:  ( )
σ = Psig/Pbkg Psig ∝ g2

<latexit sha1_base64="NSH2j1eV5np8b6w6xAs7UBun4O4="></latexit>

g /

8
>><

>>:

T�3/2 T ⌧ ⌧a, ⌧r
T�1 ⌧a ⌧ T ⌧ ⌧r
T�1/2 ⌧r ⌧ T ⌧ ⌧a
T�1/4 T � ⌧a, ⌧r

[Dror, Gori, Leedom, NLR PRL 2023]

Resolve signal in  bins,  enhanced by N ∝ T Psig N
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Haloscope Sensitivity

[Dror, Gori, Leedom, NLR PRL 2023]

Implications for CASPER-Wind
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Haloscope Sensitivity

[Dror, Gori, Leedom, NLR PRL 2023]

Implications for CASPER-Wind

Signal continues to 
grow for τa < T < τr

Other corrections: 
treatment of background 
and factor of 2 in Larmor 

frequency
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[Langhoff, Outmezguine, NLR  PRL 2022]

DM searches can strongly 
constrain non-DM axions



Backup Slides



Nick Rodd  |  The Irreducible Axion 60

Extensions

[Langhoff, Outmezguine, NLR PRL 2022]
10

°
15
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F a
=

10
°5

1

1

101 102 103 104 105

ma [keV]
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g a
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CMB a ! e°e+

X-ray

SD

SN1987A Decays
!Cen

TRH = 5 MeV

<latexit sha1_base64="gXWpAp31tOag5gbotJIB1bjz+As="></latexit>gaee
2me

(@µa)ē�
µ�5e

Cen: [Ferreira, Marsh, Müller 2205.07896]

SN1987A: [Capozzi, Raffelt 2020]

ω

Production IR 
dominated, mainly



e±γ → e±a
e−e+ → a

 proceeds at 1-loop

 dramatically shortens 

once 

a → γγ
τa

ma > 2me

Argument immediately extends to other couplings, e.g.
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Extensions

[Langhoff, Outmezguine, NLR PRL 2022]
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µ 0
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01

µ 0
=

0.
1

µ 0
=

1

Misalignment contribution not irreducible, but can 
include conservatively*

*Matter domination before BBN, 
radiation or kination give larger  


[Blinov, Dolan, Draper, Kozaczuk 2019]
ℱa

Overclosure

Coupling only enters 
through 





e−t/τa

Γ ∝ g2
aγγ ∝ f −2

a
ℱa ∝ f 2

a
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Clustering at low mass

[Langhoff, Outmezguine, NLR PRL 2022]
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Impact on X-ray constraints due to warm DM not clustering


FMW
a (r) ≃ ℱa × 1 + 0.008 ( keV

ma )
2

( kpc
r )

−1

N-body Milky Way study

[Anderhalden, Diemand, Bertone, 

Maccio, Schneider 2012]

Safe for ma ≳ 1 keV
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 dependenceTRH

[Langhoff, Outmezguine, NLR PRL 2022]
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Production UV dominated: ℱa ∝ TRH ⇒ gaγγ ∝ T1/4
RH

Impact for  case 
weaker - IR dominated

gaee

Beyond 100 MeV, must 
include pion and muon, 
will only increase ℱa
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Universal Couplings

[Langhoff, Outmezguine, NLR PRL 2022]

 and gaγγ = α/2πfa gaee = me/fa

Results for fixed  
varying both couplings 

in paper
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Sterile Neutrinos

[Langhoff, Outmezguine, NLR PRL 2022]

Idea readily extend to other states (graviton, dark photon…)

Cf. [Gelmini, Osoba, Palomares-Ruiz, Pascoli 2008],

[Gelmini, Lu, Takhistov 2019]
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Axion NMR

Axion signal continues to 
grow for τa < T < T2

<latexit sha1_base64="1idocUCvoqiNSoPJpjK6+tTnKGg="></latexit>

L � gN (@µa)N̄�µ�5N

[Dror, Gori, Leedom, NLR PRL 2023]
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Axion NMR

[Dror, Gori, Leedom, NLR PRL 2023]

Impact for CASPER-Electric


