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Axions / Axion-like Particles*

ma [eV]110−22 10−11 10−610−16 106

KSVZ/DFSZ axion (DM) [3]
Relaxion (DM) [2]

‘Trapped misalignment’ QCD axion (DM) [1]

ALP, QCD axion, relaxion (not DM)

Relaxion (DM) [4]

[1] Di Luzio++ (2102.01082)

[2] Banerjee++ (1810.01889)

[3] di Cortona++ (1511.02867) 

                      (recent review)

[4] Fonseca++(1809.04534)

[5] Hu++ (astro-ph/0003365)

(1) Light or ultralight (2) Scalar or pseudoscalar (3) Dark matter or not

Fuzzy DM [5]

(among many others…)

*in this talk, same thing
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amplitude a0 ≃ 2ρdm/ma arbitrary phaseDM velocity

macro micro

waves particles

2

Axions / Axion-like Particles*

ma [eV]110−22 10−11 10−610−16 106

KSVZ/DFSZ axion (DM) [3]
Relaxion (DM) [2]

kpc
λdB =

2π
mavau R⊕ kmpc m μm

(for )v = vdm = 10−3c

‘Trapped misalignment’ QCD axion (DM) [1]

ALP, QCD axion, relaxion (not DM)

Relaxion (DM) [4]

[1] Di Luzio++ (2102.01082)

[2] Banerjee++ (1810.01889)

[3] di Cortona++ (1511.02867) 

                      (recent review)

[4] Fonseca++(1809.04534)

[5] Hu++ (astro-ph/0003365)

(1) Light or ultralight (2) Scalar or pseudoscalar (3) Dark matter or not

Fuzzy DM [5]

(among many others…)

Solutions for the axion field 
a( ⃗x, t) ≃ a0 cos (mat + ma ⃗vdm ⋅ ⃗x + δ)

*in this talk, same thing
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https://www.youtube.com/watch?v=bY1S6rkWU0c

Simulations by Schive et al., Phys. Rev. Lett. 113, 261302 (2014)

Density field

ρ( ⃗x, t) ≃ m2

a a( ⃗x, t)2
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Simulations by Schive et al., Phys. Rev. Lett. 113, 261302 (2014)

Density field

ρ( ⃗x, t) ≃ m2

a a( ⃗x, t)2
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CMB

4

Discovering Axions

redshift z

0
today

> 10210

humans galaxiesstars
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CMB
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Discovering Axions

redshift z

0
today

> 10210

humans galaxiesstars

traditional DM searches

• direct detection: local DM

     with ρdm ≃ 0.4 GeV/cm3

• indirect detection: annihilation

      flux from e.g. galactic center 

z ∼ 0
• cold, vdm ∼ 10−3c
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Discovering Axions

redshift z

0
today

> 10210

humans galaxiesstars

traditional DM searches

• direct detection: local DM

     with ρdm ≃ 0.4 GeV/cm3

• indirect detection: annihilation

      flux from e.g. galactic center 

z ∼ 0
• cold, vdm ∼ 10−3c

cosmic axion background
z ≫ 30

• Relativistic population of axions

         from cosmological sources

Conlon and Marsh (1304.1804, 1305.3603)

Dror, Murayama, Rodd (2101.09287)

• “Hot”, v ∼ c
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CMB

4

Discovering Axions

redshift z

0
today

> 10210

humans galaxiesstars

traditional DM searches

• direct detection: local DM

     with ρdm ≃ 0.4 GeV/cm3

• indirect detection: annihilation

      flux from e.g. galactic center 

z ∼ 0
• cold, vdm ∼ 10−3c

diffuse axion background
z ∼ few − 30

• build-up of large population

    of relativistic axions originating

    in astrophysical bursts

• direct and indirect signals

Eby, Takhistov (2402.00100)

transient searches
z ∼ 0 − few

Eby, Takhistov, 

with Shirai, Stadnik (2106.14893)

with Arakawa, Safronova, Zaheer, 


(2306.16468, 2402.06736)

• Relativistic burst passes Earth,

           leaving detectable signal

• Galactic or extragalactic

cosmic axion background
z ≫ 30

• Relativistic population of axions

         from cosmological sources

Conlon and Marsh (1304.1804, 1305.3603)

Dror, Murayama, Rodd (2101.09287)

• “Hot”, v ∼ c
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ℛ

1. Direct searches for transient signals

       from relativistic axion bursts

Outline

5

redshift z relativistic ‘bursts’ of axions

propagation

z = 0

few − 30

Signal: Photons

conversion to photons

a

magnetic field decay

Signal: Relativistic axions

direct detection experiments

2. Diffuse Axion BackgroundDALL-E 3 illustration

“Bosenova”
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ℛ

1. Direct searches for transient signals

       from relativistic axion bursts

6

c.f. Cold Dark Matter
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Local DM density:          

 Ultralight scalars are      high ‘quality’ oscillators:   
                                                

ρdm ≃ 0.4 GeV/cm3

vdm ≃ 10−3c

τdm ∼ 2πv−2
dmm−1

a ∼ 106/ma

 
OSCILLATIONS

106

Key takeaway: DM search experiments


can discover axions by detecting bursts
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Eggemeier and Niemeyer (1906.01348) Chen++ (2011.01333) Levkov, Panin, Tkachev (1804.05857)

Video via Alexander Panin on YouTube

Mocz++ (1705.05845)

These dense configurations form  
in astrophysical DM halos

Burst Source of  Interest: Boson Stars

Schive++ (1406.6586)

(among others!)
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Eggemeier and Niemeyer (1906.01348) Chen++ (2011.01333) Levkov, Panin, Tkachev (1804.05857)

Video via Alexander Panin on YouTube

Mocz++ (1705.05845)

These dense configurations form  
in astrophysical DM halos

Burst Source of  Interest: Boson Stars

Schive++ (1406.6586)

(among others!)
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Equations of  Motion

ℒa ⊃
1
2

∂μa∂μa −
m2

a

2
a2 +

λ
4!

a4 − . . .

i
∂ψ
∂t

= [−
∇2

2ma
+ Vg ( |ψ |2 ) + Vint ( |ψ |2 )] ψ

Axions are

- non-relativistic

- classical field

- gravitating
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Equations of  Motion
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(m
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G
/λ

)

kinetic  gravity 
(stable)

∼

kinetic  self-in
teractions 

(unstable)
∼Boson star:  

ground state of 

Schrödinger eq.

with self-gravity

∝
1

maR2 ∝ −
GmaM

R

kinetic gravity self-interactions

∝ −
|λ |M
m3

aR3
+ . . .

ℒa ⊃
1
2

∂μa∂μa −
m2

a

2
a2 +

λ
4!

a4 − . . .

i
∂ψ
∂t

= [−
∇2

2ma
+ Vg ( |ψ |2 ) + Vint ( |ψ |2 )] ψ

Axions are

- non-relativistic

- classical field

- gravitating
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Equations of  Motion
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)

kinetic  gravity 
(stable)

∼

kinetic  self-in
teractions 

(unstable)
∼Boson star:  

ground state of 

Schrödinger eq.

with self-gravity

∝
1

maR2 ∝ −
GmaM

R

kinetic gravity self-interactions

∝ −
|λ |M
m3

aR3
+ . . .

ℒa ⊃
1
2

∂μa∂μa −
m2

a

2
a2 +

λ
4!

a4 − . . .

i
∂ψ
∂t

= [−
∇2

2ma
+ Vg ( |ψ |2 ) + Vint ( |ψ |2 )] ψ

Axions are

- non-relativistic

- classical field

- gravitating

Mc ≃
10

Gλ
≃ 103M⊙ ( 10−80

λ )
1/2

Rc ≃
0.2
m2

a

λ
G

≃ 70 R⊙ ( 10−15 eV
ma )

2

( λ
10−80 )

1/2

(Mc, Rc)
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Life Cycle of  a Boson Star

9

ℛ
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Event Rate vs Burst Flux

Highly model-dependent! • Cosmology (formation history, 
                              mass fraction) 

• Astrophysics (mass growth,  
                       merger history) 

• Particle physics  
                (interactions relaxation rate)→
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Maseizik, Sigl (2404.07908)

10

Event Rate vs Burst Flux

Highly model-dependent! • Cosmology (formation history, 
                              mass fraction) 

• Astrophysics (mass growth,  
                       merger history) 

• Particle physics  
                (interactions relaxation rate)→
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Arakawa, Eby, Safronova, 

Takhistov, Zaheer 


(2306.16468)
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Event Rate vs Burst Flux
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Boson stars collapse to  

Black Holes (no bosenova)

Cosmology

“Naturalness”

Astrophysics

Supermassive 
Black Holes

Astro 
BHs

Arakawa, Eby, Safronova, 

Takhistov, Zaheer 


(2306.16468)

se
lf-

in
te

ra
ct

io
n 

co
up

lin
g

Event Rate vs Burst Flux
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Larger  (signal)

Smaller  (rate)

Mc
Γ

Smaller  (signal)

Larger  (rate)

Mc
Γ

Future work is needed 
to fully estimate the rate 
across range of models

Mc ≃
10

Gλ
≃ 103M⊙ ( 10−80

λ )
1/2

Recall that

Boson stars collapse to  

Black Holes (no bosenova)

Cosmology

“Naturalness”

Astrophysics

Supermassive 
Black Holes

Astro 
BHs

Arakawa, Eby, Safronova, 

Takhistov, Zaheer 


(2306.16468)

se
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Event Rate vs Burst Flux
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Event Rate vs Burst Flux

ℛ

Burst properties:

ρ* ∼
Etot

4πℛ2δx

Energy density 
in burst

distance to burst burst ‘size’

(duration)

total emitted energy,


 ∼ Mc =
10MPl

λ

momentum spectrum of emission:

peaked at  


with width 
k0 ∼ few × ma

δk ∼ ma

12

Numerical simulations of 
collapse+Bosenova process

Levkov, Panin, Tkachev (1609.03611)

Prediction of Bosenova
Eby, Leembruggen, 


Suranyi, Wijewardhana (1608.06911)

Eby, Shirai, Stadnik, 

Takhistov (2106.14893)
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At Source

momentum spectrum of emission:

peaked at  


with width 


imagine discrete momentum modes


k0 ∼ few × ma
δk ∼ ma

k1, k2, k3, . . .

k1 < k2 < k3, . . .

ℛ

Fastest momentum modes 
“escape” from slower ones 


during propagation

Wave Spreading in Flight
Eby, Shirai, Stadnik, 


Takhistov (2106.14893)
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At Source

momentum spectrum of emission:

peaked at  


with width 


imagine discrete momentum modes


k0 ∼ few × ma
δk ∼ ma

k1, k2, k3, . . .

At Detector

1. Long duration 


2. At any given moment in the detector, 
one sees a narrow distribution 


of momentum / energy

 “effective coherence time” 

δt ∼ month ( ℛ
pc )

⇒ τ* ∼ 10−2ℛ

k1 < k2 < k3, . . .

ℛ

Fastest momentum modes 
“escape” from slower ones 


during propagation

Wave Spreading in Flight
Eby, Shirai, Stadnik, 


Takhistov (2106.14893)
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Timescales: 
Interrogation time       

DM coherence time    

Burst coherence time  

Burst duration             

† tint
τdm
τ*
δt

laser coherence, natural linewidth, …†

Sensitivity to Transient Signal

Sensitivity Ratio  
to SM coupling  at 
fixed frequency 

di
ω0

“Is a given DM experiment equally/more sensitive 
to relativistic bursts compared to cold DM search?”

(burst)

(DM)

di,*(ω0)
di(ω0)

∼ ( ρdm

ρ* )
n t1/4

int min (τ1/4
dm, t1/4

int )
min (δt1/4, t1/4

int ) min (τ1/4
* , t1/4

int )

Eby, Shirai, Stadnik, 

Takhistov (2106.14893)
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usual scaling of DM signal

14
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usual scaling of DM signal

depends on axion-SM coupling: 
 (linear coupling)


 (quadratic coupling)
n = 1/2
n = 1

14
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usual scaling of DM signal

depends on axion-SM coupling: 
 (linear coupling)


 (quadratic coupling)
n = 1/2
n = 1

14

“is the signal coherent for 
the whole integration time?”

“did we catch all/most 
of the signal?”

energy 
density in 
the burst

Timescales: 
Interrogation time       

DM coherence time    

Burst coherence time  

Burst duration             

† tint
τdm
τ*
δt

laser coherence, natural linewidth, …†

Sensitivity to Transient Signal

Sensitivity Ratio  
to SM coupling  at 
fixed frequency 

di
ω0

“Is a given DM experiment equally/more sensitive 
to relativistic bursts compared to cold DM search?”

(burst)

(DM)

di,*(ω0)
di(ω0)

∼ ( ρdm

ρ* )
n t1/4

int min (τ1/4
dm, t1/4

int )
min (δt1/4, t1/4

int ) min (τ1/4
* , t1/4

int )

Eby, Shirai, Stadnik, 

Takhistov (2106.14893)



Joshua Eby | Stockholm University                                                                                                                                Diffuse Axion Background15

linear, psuedoscalar linear, scalar quadratic, scalar

ℒ ⊃ d(1)
e

a
2MPl

FμνFμνℒ ⊃ gaγaFμνF̃μν ℒ ⊃ d(2)
e ( a

2MPl )
2

FμνFμν

Eby, Shirai, Stadnik, 

Takhistov (2106.14893)

Arakawa, Eby, Safronova, Takhistov, 

Zaheer (2306.16468)

Arakawa, Zaheer, Eby, Takhistov, 

Safronova (2402.06736)

coupling:
Lagrangian:

example field:

reference:

QCD axion relaxion QCD axion or relaxion

experiments: ABRACADABRA, DM-Radio, … Quantum sensors Quantum sensors



Joshua Eby | Stockholm University                                                                                                                                Diffuse Axion Background15

linear, psuedoscalar linear, scalar quadratic, scalar

ℒ ⊃ d(1)
e

a
2MPl

FμνFμνℒ ⊃ gaγaFμνF̃μν ℒ ⊃ d(2)
e ( a

2MPl )
2

FμνFμν

Eby, Shirai, Stadnik, 

Takhistov (2106.14893)

Arakawa, Eby, Safronova, Takhistov, 

Zaheer (2306.16468)

Arakawa, Zaheer, Eby, Takhistov, 

Safronova (2402.06736)

coupling:
Lagrangian:

example field:

reference:

QCD axion relaxion QCD axion or relaxion

experiments: ABRACADABRA, DM-Radio, … Quantum sensors Quantum sensors

(current) (future)
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redshift z relativistic ‘bursts’ of axions

propagation



(today)
z = 0

few − 30

Signal: Photons

conversion to photons

a

magnetic field decay

Signal: Relativistic axions

direct detection experiments

2. Diffuse Axion Background (DaB)
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redshift z relativistic ‘bursts’ of axions

propagation



(today)
z = 0

few − 30

Signal: Photons

conversion to photons

a

magnetic field decay

Signal: Relativistic axions

direct detection experiments

2. Diffuse Axion Background (DaB)

Astrophysical bursts of relativistic axions

generally characterised by

flux


dNa

dω
(ω)

rate


Rburst(z)

DaB flux* in present day


dϕ
dω

(ω) = ∫
∞

0
dz

dNa(ω(1 + z))
dω

Rburst(z)
H(z)

*note: flux  (# of particles) vs flux  (# per area per time)
dNa

dω
dϕ
dω
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Bursts Abound

Neutron star mergers: 
Harris++, JCAP 2020

Fiorillo++, PRD 2022

Supernovae: 
fits via


Carenza++, JCAP 2019

Calore++, PRD 2020


( First DaB proposal! )

Bosenovae: 
Yoshino++, PTP 2012 (BHSR)


Levkov++, PRL 2016 (Boson Star)

Budker, J Eby++, JCAP 2023 (Solar halo)

NS polar cap: 
Prabhu, PRD 2021


Noordhuis++, PRL 2023, arXiv:2307.11811

Dark stars: 
Maselli++, PRD 2017


Curtin and Setford, PRL 2019

Hippert++, PRD 2021

Main sequence stars: 
e.g. Nguyen++, JCAP 2023

Primordial black 
hole evaporation: 

Agashe++, PRD 2022

Jho++, arXiv:2212.11977

Eby, Takhistov (2402.00100)
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Rburst(z) ∝
ℱρ̄UH0

Etot
f(z)

Parameterization: DaB

DaB flux in present day


dϕ
dω

(ω) = ∫
∞

0
dz

dNa(ω(1 + z))
dω

Rburst(z)
H(z)

dNa

dω
(ω) ∝

Etot

m2
a

exp (−
(ω−ω̄)2

δω2 )
δω/ma

   : total DM fraction converted to DaB

 : dimensionless rate of bursts


    : peak burst energy per particle

  : spread in burst energy per particle

  : energy emitted per burst

ℱ
f(z)
ω̄
δω
Etot

Eby, Takhistov, 

(2402.00100)
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Rburst(z) ∝
ℱρ̄UH0

Etot
f(z)

Parameterization: DaB

particle physics

ma, fa, gaγ, . . .

input parameters

burst parameterisation

 ,   ℱ, f(z) ω̄, δω, Etot

(cosmology) (individual bursts)

DaB flux in present day


dϕ
dω

(ω) = ∫
∞

0
dz

dNa(ω(1 + z))
dω

Rburst(z)
H(z)

dNa

dω
(ω) ∝

Etot

m2
a

exp (−
(ω−ω̄)2

δω2 )
δω/ma

cancels in 

product

   : total DM fraction converted to DaB

 : dimensionless rate of bursts


    : peak burst energy per particle

  : spread in burst energy per particle

  : energy emitted per burst

ℱ
f(z)
ω̄
δω
Etot

Eby, Takhistov, 

(2402.00100)
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Rburst(z) ∝
ℱρ̄UH0

Etot
f(z)

Parameterization: DaB

particle physics

ma, fa, gaγ, . . .

input parameters

burst parameterisation

 ,   ℱ, f(z) ω̄, δω, Etot

(cosmology) (individual bursts)

How to search for DaB: (1) direct detection, (2) photon signals, [more to come]

DaB flux in present day


dϕ
dω

(ω) = ∫
∞

0
dz

dNa(ω(1 + z))
dω

Rburst(z)
H(z)

dNa

dω
(ω) ∝

Etot

m2
a

exp (−
(ω−ω̄)2

δω2 )
δω/ma

cancels in 

product

   : total DM fraction converted to DaB

 : dimensionless rate of bursts


    : peak burst energy per particle

  : spread in burst energy per particle

  : energy emitted per burst

ℱ
f(z)
ω̄
δω
Etot

Eby, Takhistov, 

(2402.00100)
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DaB flux in present day


dϕ
dω

(ω) = ∫
∞

0
dz

dNa(ω(1 + z))
dω

Rburst(z)
H(z)

DaB Flux vs DM Flux

0.1 1 10

10-9
10-6
10-3
1

103

0.1 1 10
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Direct Detection
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Likely challenging!

• DaB flux generally  local DM flux

• Signal likely much less coherent than local DM

,    vs 

Worth investigating!

• Nontrivial energy distribution encodes cosmological 
evolution and source properties

• Can also encode information about fundamental 
axion potential, e.g. self-interactions

≲

τcoh ≃
2π

mav2
vdm ∼ 10−3 vDaB ∼ 1

Eby, Takhistov, 

(2402.00100)
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Photon Signals from DaB
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Photon Signals from DaB

redshift z



(today)
z = 0

few − 30

Signal: Photons

conversion to photons

ϕ
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field

decay

ℒ ⊃
1
4

gaγaFμνF̃μν = gaγaE ⋅ B

dϕγ

dω B−field
= Pγ→a

dϕ
dω

Magnetic field conversion

dϕγ

dω decay
≃ Pdecay

dϕ
dω

Axion decay to photons

- Galactic magnetic fields of  dominate

    (typical distances )


-  grows with large  and small  


          largest when  with small 

∼ μG
∼ kpc − Mpc

Pγ→a ω ma

⇒ ω ≫ ma ma

- Decay can occur anywhere in space

    (typical distances )


-   grows with small  and large  


          largest when  with large 

∼ Gpc
Pdecay ω ma

⇒ ω ≳ ma ma

Eby, Takhistov, 
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Where to Search: Today
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Where to Search: Today
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Our case-study sensitivity estimate

For Fermi-LAT and INTEGRAL,


we vary  and ask:


Where would one have expected to 
see a DaB excess?

gaγ

Eby, Takhistov, 

(2402.00100)
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Searches for DaB Gamma-Rays

A very tiny energy fraction in DaB

can give rise to striking signals!


Best sensitivity when ω̄ ≫ ma

What about low-energy signals?

Eby, Takhistov, 

(2402.00100)
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Where to Search: Future
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Next-Gen searches will see 

huge improvements, especially 


at low energy


Future: search even for semi-

relativistic burst sources of DaB,


like bosenovae!
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• Relativistic bursts of axions commonly originate in astrophysical processes, both in SM / dark 
sectors; give rise to a diffuse axion background (DaB)


• Axions emitted in recent transient bursts, e.g. from bosenovae in boson star collapse, lead to 
direct-detection signals which can exceed sensitivity of local DM searches. At present, detection 
viable but exclusion difficult; need stronger prediction of burst rate


• The DaB encodes novel information about cosmology and burst sources, implying complementarity 
with existing DM searches. Direct detection difficult but promising!


• Existing photon-search experiments (e.g. Fermi) can already constrain DaB using photon couplings. 
In progress: investigate signals from other couplings, e.g. electrons and quarks


• Further characterization of burst sources is worthy of dedicated study, strong discovery potential!

Conclusions
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Thank you for your attention!

DALL-E 3 illustration:

“Athens symposium on 

Exploring the Universe”
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Boson Star Encounters
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<latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit> 10 �
7
eV

<latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit>

�
=
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<latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit>

� =
1

<latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit>

� =
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3

<latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit>

� =
10
6

<latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit>

U
ns
ta
bl
e

<latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit>

f
=
10

6 G
eV

<latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit><latexit sha1_base64="ICP/kML5JFnYucwJoQOq/0U7440="></latexit>

f
=
10

8 G
eV

<latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit><latexit sha1_base64="grGiCe7sgh5X07SrL7wweq+FZU0="></latexit> f
=
10

10
G
eV

<latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit><latexit sha1_base64="gT3Pq9bbQZQG5u9bJKeDvgEJ4es="></latexit>

G
NO

M
E

<latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit><latexit sha1_base64="IziXwn6kWx5XPz2/Ux4oetsBGvI=">AAACFHicbVDLSsNAFJ3UV62vqks3wVJwVRIR1F1RRDdqBWMLbSyTyaQdOpOEmZvSEvodutX/cCVu3fsbfoHTNgtbPTBwOOfeO4fjxZwpsKwvI7ewuLS8kl8trK1vbG4Vt3ceVJRIQh0S8Ug2PKwoZyF1gAGnjVhSLDxO617vfOzX+1QqFoX3MIypK3AnZAEjGLT02AI6ACnSy5vb64tRu1iyKtYE5l9iZ6SEMtTaxe+WH5FE0BAIx0o1bSsGN8USGOF0VCi3EkVjTHq4Q5uahlhQ5aaT2COzrBXfDCKpXwjmRC382kixUGooPD0pMHTVvDcW//OaCQQnbsrCOAEakulHQcJNiMxxB6bPJCXAh5pgIpkOa5IulpiAbmrmkt9nscpSD6axdUn2fCV/iXNYOa3Yd0el6lnWVh7toX10gGx0jKroCtWQgwiS6Bm9oFfjyXgz3o2P6WjOyHZ20QyMzx9IwKAj</latexit>

relaxion
stars
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Boson
Stars

Both parameters are only  
significant when 
mϕ ≳ 10−7 eV

Budker, Banerjee, Eby, Kim,

Perez (1902.08212)
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Budker, Eby, Gorghetto, Jiang,  
Perez (2306.12477)Boson Star Encounters (2)
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The Very Local DM Density

Boson Stars

ρ ≪ ρdm

DM bound 
in clumps

Standard Scenario

ρ = ρdm

No small-scale  
overdensities

Gravitational Atoms

ρ ≫ ρdm

Overdensities inside 
the Solar System
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Short duration δtburst ∼ 𝒪(400)/m

Multiple explosions  
per collapse! 
(Ignored here)

Bosenova Simulation Results
Levkov, Panin, 


Tkachev (1609.03611)
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with spread of δk ∼ m

Large integrated energy! In first peak alone, 
<latexit sha1_base64="T9Hmhz8tzmYlwcz8FbZEqrvEvSw=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVERF0WRXBZwT6gCWEynbRDZyZhZiKUmIW/4saFIm79DXf+jZM2C209MHA4517umRMmjCrtON9WZWl5ZXWtul7b2Nza3rF39zoqTiUmbRyzWPZCpAijgrQ11Yz0EkkQDxnphuPrwu8+EKloLO71JCE+R0NBI4qRNlJgH3gc6RFGLLvJg8yTHCYEjfPArjsNZwq4SNyS1EGJVmB/eYMYp5wIjRlSqu86ifYzJDXFjOQ1L1UkQXiMhqRvqECcKD+b5s/hsVEGMIqleULDqfp7I0NcqQkPzWSRVs17hfif1091dOlnVCSpJgLPDkUpgzqGRRlwQCXBmk0MQVhSkxXiEZIIa1NZzZTgzn95kXROG+55w707qzevyjqq4BAcgRPgggvQBLegBdoAg0fwDF7Bm/VkvVjv1sdstGKVO/vgD6zPH1yTllM=</latexit>

Epeak ≈ 3400
m

|λ |
≃ 102M⊙ ( f

1016 GeV )
2 10−15 eV

m

k0 ≃ 2.4 mMomentum peak
Short duration δtburst ∼ 𝒪(400)/m

Multiple explosions  
per collapse! 
(Ignored here)

Higher-energy peaks! 
(Ignored here)

Bosenova Simulation Results
Levkov, Panin, 


Tkachev (1609.03611)



Joshua Eby | Stockholm University                                                                                                                                Diffuse Axion Background

nlm

33

Other sources of  Bosenovae
Gravitational Atoms

Budker, Banerjee, J Eby, Kim,

Perez, Comm Phys 2020


with Matsedonskyi and Flambaum, JCAP 2020


Budker, J Eby, Gorghetto, Jiang,  
Perez, JCAP 2023

2 πα
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Other sources of  Bosenovae
Gravitational Atoms

Budker, Banerjee, J Eby, Kim,

Perez, Comm Phys 2020


with Matsedonskyi and Flambaum, JCAP 2020


Budker, J Eby, Gorghetto, Jiang,  
Perez, JCAP 2023
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Other sources of  Bosenovae
Gravitational Atoms

Budker, Banerjee, J Eby, Kim,

Perez, Comm Phys 2020


with Matsedonskyi and Flambaum, JCAP 2020


Budker, J Eby, Gorghetto, Jiang,  
Perez, JCAP 2023

2 πα
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1.5

0.0 0.5 1.0 1.5 2.0 2.5
0

100

200

300

400

t/τrel

ρ (0)
ρdm

( mϕ

10−13 eV )

Black Hole Superradiance

Baryakhtar++, PRD 2021

Large self-interactions 


→ axion wave emission

Bosenova predicted in Arvanitaki and Dubovsky, PRD 2011

Yoshino and Kodama, 

PTP 2012, CQG 2015

Weak self-interactions 


→ bosenova
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Other Couplings

ℒ ⊃ de
ϕ

2MPl
FμνFμν

Coupling to photons Oscillation of 

fine-structure constant

α → α + δα(de, ρ, mϕ)
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Other Couplings

ℒ ⊃ de
ϕ

2MPl
FμνFμν

Coupling to photons Oscillation of 

fine-structure constant

α → α + δα(de, ρ, mϕ) ℒ ⊃ dme

ϕ
2MPl

ēe

Coupling to electrons Oscillation of 

electron-proton mass ratio

me

mp
→

me

mp
+

δme(dme
, ρ, mϕ)

mp
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Other Couplings

ℒ ⊃ de
ϕ

2MPl
FμνFμν

Coupling to photons Oscillation of 

fine-structure constant

α → α + δα(de, ρ, mϕ) ℒ ⊃ dme

ϕ
2MPl

ēe

Coupling to electrons Oscillation of 

electron-proton mass ratio

me

mp
→

me

mp
+

δme(dme
, ρ, mϕ)

mp

ℒ ⊃ dg
ϕ

2MPl
GaμνGa

μν

Coupling to gluons

Oscillation of ratio of quark mass to QCD scale

mq

ΛQCD
→

mq

ΛQCD
+ δ (

mq

ΛQCD )(dmq
, dg, ρ, mϕ)

ℒ ⊃ dmq

ϕ
2MPl

q̄q

Coupling to quarks



Joshua Eby | Stockholm University                                                                                                                                Diffuse Axion Background35

“Experiment-Independent” Sensitivity

Arakawa, J Eby, Safronova, Takhistov, 

Zaheer (2306.16468)(linear couplings)
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(quadratic couplings) Arakawa, Zaheer, J Eby, Takhistov, 

Safronova (2402.06736)

“Experiment-Independent” Sensitivity (2)
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Parameterization: Flux

dNa

dω
(ω) ∝

Etot

m2
a

exp (−
(ω−ω̄)2

δω2 )
δω/ma

0 2 4 6 8
1

10

100

1000

104

105

(bosenova)ω

ω

ω
3ω

: total energy emitted 

         in single burst


:    peak energy


:  energy width

Etot

ω̄

δω

- easily captures peaked distribution

- computationally simple

- sum of Gaussians can be used for 

  asymmetric distributions, e.g. power-law

Eby, Takhistov, 

(2402.00100)
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Parameterization: Rate

Rburst(z) ∝
ρlossH0

Etot(z)
f(z)

0 5 10 15 20
0.0

0.1

0.2

0.3

0.4

0.5

0.6

 for power-law


   for Gaussian


:  total relativistic energy 

          density emitted across all 

f(z) = (1 + z)pΘ(z−zmax)

f(z) = exp (−
(z−z̄)2

δz2 )
ρloss

z

Convenient normalisation:


ρloss ≡ ℱ ρ̄U with ρ̄U ≃ 10−6 GeV/cm3

Eby, Takhistov, 

(2402.00100)
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   -Field Conversion ProbabilityB
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Eby, Takhistov, 

(2402.00100)
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1 102 104 106 108
10-15

10-12

10-9

10-6

10-3

1

1 102 104 106 108

Decay Probability
Eby, Takhistov, 

(2402.00100)
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DaB Flux: Other f(z)
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Power law Gaussian

Eby, Takhistov, 

arXiv:2402.00100
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DaB Flux from Decay

10-6 10-3 1 103 106 109
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10-18
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1

106

If there’s time!

Eby, Takhistov, 

(2402.00100)
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Case Study: DaB From Bosenovae in SKA

If there’s time!

Eby, Takhistov, 

(2402.00100)


