
NICK RODD   |  RUTGERS UNIVERSITY   |   9 MARCH 2021

New Ideas for the Axion  
Dark Matter Program
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Introduces corrections to Maxwell’s equations

<latexit sha1_base64="IYI5uS1AbYmKeXS4vufzwUVagaE="></latexit> r ·E = ⇢� ga��B ·ra

r ·B = 0

r⇥E = �@tB

r⇥B = @tE+ J� ga��(E⇥ra�B@ta)
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Introduces corrections to Maxwell’s equations

Suppressed for non-
relativistic DM axions

Focus of axion 
DM searches

<latexit sha1_base64="IYI5uS1AbYmKeXS4vufzwUVagaE="></latexit> r ·E = ⇢� ga��B ·ra

r ·B = 0

r⇥E = �@tB

r⇥B = @tE+ J� ga��(E⇥ra�B@ta)
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Motivation
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Incomplete summary of the 
landscape, partially based on 

github.com/cajohare/AxionLimits
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Motivation

Incomplete summary of the 
landscape, partially based on 

github.com/cajohare/AxionLimits
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Motivation

Incomplete summary of the 
landscape, partially based on 

github.com/cajohare/AxionLimits
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Dark Matter Decay
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Motivation

Incomplete summary of the 
landscape, partially based on 

github.com/cajohare/AxionLimits

Theory prior (Strong CP) 
favors this region
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Motivation

Incomplete summary of the 
landscape, partially based on 

github.com/cajohare/AxionLimits

Axion Haloscopes
Require a = DM

Low masses exploit LC 
circuit ideas originally noted 
by S. Thomas, see [Svrcek, 

Witten 2006]
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Motivation

Incomplete summary of the 
landscape, partially based on 

github.com/cajohare/AxionLimits

Axion Haloscopes
Require a = DM

[Salemi, NLR+ 2021]

Low masses exploit LC 
circuit ideas originally noted 
by S. Thomas, see [Svrcek, 

Witten 2006]
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Motivation

Incomplete summary of the 
landscape, partially based on 

github.com/cajohare/AxionLimits

Axion Haloscopes 
have a bright future

[Chaudhuri+ SNOWMASS LOI 2021]

Low masses exploit LC 
circuit ideas originally noted 
by S. Thomas, see [Svrcek, 

Witten 2006]
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Outline

Two new ideas for exploiting this progress
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Outline
1. More information for DM searches?  

Dark Matter Interferometry
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Outline

2. What else could these instruments see? 
The Cosmic Axion Background

1. More information for DM searches?  
Dark Matter Interferometry



Dark Matter  
Interferometry

2009.14201  
w/ Josh Foster, Yoni Kahn,  
Rachel Nguyen, Ben Safdi
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Basic Idea
DARK MATTER INTERFEROMETRY

Wave-like Dark Matter

[Foster, NLR+ 2020]
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Basic Idea
DARK MATTER INTERFEROMETRY

Wave-like Dark Matter

a ⇠ cos(mat)
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[Foster, NLR+ 2020]
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Basic Idea
DARK MATTER INTERFEROMETRY

Wave-like Dark Matter

a ⇠ cos(!t� k · x)
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[Foster, NLR+ 2020]
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Basic Idea
DARK MATTER INTERFEROMETRY

Wave-like Dark Matter
<latexit sha1_base64="tPI+Re2WwLH81VfUURYn6CdOAIw="></latexit>

a ⇠ cos(!t� k · x)
Speed

[Foster, NLR, Safdi 17]

Determined by f(v)

<latexit sha1_base64="3E4XbCLl9VpaSXoqSa7FQaKROAY="></latexit>

! ⇡ ma(1 + |v|2/2)

[Foster, NLR+ 2020]



Nick Rodd  |  New Ideas for Axion DM 20

Basic Idea
DARK MATTER INTERFEROMETRY

Wave-like Dark Matter

Speed

[Foster, NLR, Safdi 17]

Determined by f(v)

<latexit sha1_base64="3E4XbCLl9VpaSXoqSa7FQaKROAY="></latexit>

! ⇡ ma(1 + |v|2/2) Velocity k = mav

<latexit sha1_base64="C4niWhYJmVsS6Smjocap3NRoqTo="></latexit>

Invisible to a single detector

1.   
2. For 1 experiment, can choose 

∇a ∼ k ≪ ω ∼ ∂ta

x = 0

Determined by  f(v)

x1

<latexit sha1_base64="vtp5U7TQgxS7r096kVB5Xsar0iU="></latexit>

<latexit sha1_base64="QwHBMr15P1CJ1TzB3naQJjMKudI="></latexit>

a ⇠ cos(!t� k · x)

[Foster, NLR+ 2020]
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Basic Idea
DARK MATTER INTERFEROMETRY

Wave-like Dark Matter
<latexit sha1_base64="itEoqMOxVzPw4yrfFrAhlmbtYjc="></latexit>

a ⇠ cos(!t� k · x)

Key insight: two detectors will 
reveal the dependence on k

x1

<latexit sha1_base64="vtp5U7TQgxS7r096kVB5Xsar0iU="></latexit>

x2

<latexit sha1_base64="3w4fyi3aU4+txVrIuYLbG4BDeiM="></latexit>

[Foster, NLR+ 2020]
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Interferometry
DARK MATTER INTERFEROMETRY

x1

<latexit sha1_base64="vtp5U7TQgxS7r096kVB5Xsar0iU="></latexit>

x2

<latexit sha1_base64="3w4fyi3aU4+txVrIuYLbG4BDeiM="></latexit>

<latexit sha1_base64="Skm9J8E6V9CcrS4WBN3PB4Ysy/4="></latexit>

f(v) ! Fc
12(v) =

Z
d3vf(v) cos(mav · x12)�[|v|� v]

<latexit sha1_base64="c88dRab9UvmFRxus3DTMhi3gPNw="></latexit>x12 = x1 � x2

[Foster, NLR+ 2020]

Derived in the context of a 
full likelihood description 

in our paper
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Interferometry
DARK MATTER INTERFEROMETRY

x1

<latexit sha1_base64="vtp5U7TQgxS7r096kVB5Xsar0iU="></latexit>

x2

<latexit sha1_base64="3w4fyi3aU4+txVrIuYLbG4BDeiM="></latexit>

<latexit sha1_base64="Skm9J8E6V9CcrS4WBN3PB4Ysy/4="></latexit>

f(v) ! Fc
12(v) =

Z
d3vf(v) cos(mav · x12)�[|v|� v]

<latexit sha1_base64="c88dRab9UvmFRxus3DTMhi3gPNw="></latexit>x12 = x1 � x2
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[Foster, NLR+ 2020]
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Inherent Degeneracy in Problem
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Symmetry axis
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Interferometry
DARK MATTER INTERFEROMETRY

x1
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x2
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[Foster, NLR+ 2020]



Nick Rodd  |  New Ideas for Axion DM 25

Interferometry
DARK MATTER INTERFEROMETRY
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Broken by Daily Modulation!

[Foster, NLR+ 2020]
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Standard Halo Model
DARK MATTER INTERFEROMETRY

[Foster, NLR+ 2020]

Can we determine the 
direction of the DM wind?

<latexit sha1_base64="ghNNLp6wkKPZ7FIgxJWLDz3c4SY="></latexit>

f(v) =
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⇡3/2v30
e�v2/v2
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Standard Halo Model
DARK MATTER INTERFEROMETRY

[Foster, NLR+ 2020]

East-West North-South

0.26 0.68e£(µ, ¡)/TS0 0.26 0.68e£(µ, ¡)/TS0

Asimov TS ∼ σ2 Axion detection 
 for TS d = 0

Detector Configuration

Can we determine the 
direction of the DM wind?
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Standard Halo Model
DARK MATTER INTERFEROMETRY

[Foster, NLR+ 2020]

East-West North-South

0.26 0.68e£(µ, ¡)/TS0 0.26 0.68e£(µ, ¡)/TS0

Can we determine the 
direction of the DM wind?

Residual 
degeneracy

Inversion symmetry
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Standard Halo Model
DARK MATTER INTERFEROMETRY

[Foster, NLR+ 2020]

If HAYSTAC discovers DM, how well can they 
infer  with 2 detectors and 1 day of data?v⊙
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Standard Halo Model
DARK MATTER INTERFEROMETRY

[Foster, NLR+ 2020]

If HAYSTAC discovers DM, how well can they 
infer  with 2 detectors and 1 day of data?v⊙
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Degree accuracy
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Stream Localization
DARK MATTER INTERFEROMETRY

[Foster, NLR+ 2020]

Can we determine the direction 
of an incident DM stream?
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Summary
DARK MATTER INTERFEROMETRY

[Foster, NLR+ 2020]

Interferometry performed directly on the 
axion wave reveals hidden DM structure
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Cosmic Axion 
Background

2101.09287  
w/ Jeff Dror, Hitoshi Murayama
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The Cosmic Axion Background

[Dror, NLR, Murayama 2021]

Can we detect relativistic axions that 
are a relic of the early universe?
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

 

c.f. gravitational 
waves

=
1
ρc

ρa

d ln ω

Landscape
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

 

c.f. gravitational 
waves

=
1
ρc

ρa

d ln ω

Relics ~ live 
below by ΔNeff

See e.g. [Valentino+  “In the Realm of the Hubble 
tension − a Review of Solutions” 2103.01183]

Landscape
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Landscape
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Cosmic string spectrum depends on the symmetry breaking scale  (here 
) and the exact distribution is an area of active debate 

We follow [Gorghetto, Hardy, Villadoro 2018, 2020], but see also 
[Buschmann, Foster, Safdi 2020] & [Dine, Fernandez, Ghalsasi, Patel 2020]

fa
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Landscape

Parametric resonance 
produces a ~Gaussian 

spectrum
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

naλ3
a ∼ 1

Landscape
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Classical wave description applies

naλ3
a ∼ 1

Landscape
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity

0 1 2 3 4

t [2º/ma]

°0.4

°0.2

0.0

0.2

0.4

a
[M

eV
]

Dark-Matter Axion

0 2 4 6 8 10

t [2º/!̄]

°20

°10

0

10

20

a
[e

V
]

CaB Gaussian (æ = !̄)

<latexit sha1_base64="h7R2B1oV1DgkE/icRn8FujWerdw=">AAACE3icbVDLSgMxFM3UV62vqks3wSK0CmVGRF0W3bisYB/QGYZMmrahyWRI7ghl6D+48VfcuFDErRt3/o3pY6HVAwkn59zLzT1RIrgB1/1yckvLK6tr+fXCxubW9k5xd69pVKopa1AllG5HxDDBY9YADoK1E82IjARrRcPrid+6Z9pwFd/BKGGBJP2Y9zglYKWweEzKUMG+4dJeqQw59qkyZV9J1if2BfgE+8mAh7wSFktu1Z0C/yXenJTQHPWw+Ol3FU0li4EKYkzHcxMIMqKBU8HGBT81LCF0SPqsY2lMJDNBNt1pjI+s0sU9pe2JAU/Vnx0ZkcaMZGQrJYGBWfQm4n9eJ4XeZZDxOEmBxXQ2qJcKDApPAsJdrhkFMbKEUM3tXzEdEE0o2BgLNgRvceW/pHla9c6r7u1ZqXY1jyOPDtAhKiMPXaAaukF11EAUPaAn9IJenUfn2Xlz3melOWfes49+wfn4BjOenHs=</latexit>

a(t) ⇠
X

i

cos(!it+ �i)

Dark 
Matter

C Ba

0 10 20 30 40 50

! [neV]

0.00

0.01

0.02

0.03

0.04

0.05

p(
!

)
[1

/n
eV

]

°10 0 10 20 30 40 50

(! °ma)£ 106 [neV]

0.00

0.02

0.04

0.06

0.08

0.10

p(
!

)
£

10
°

6
[1

/n
eV

]

<latexit sha1_base64="X8zL/FXwBsaSdN+F+ICjbbK5EZM="></latexit>

QDM ⇠ !̄

�!
⇠ 106

<latexit sha1_base64="ItbE8BMLLFQokVEugqDOujwxzZs="></latexit>

QCaB ⇠ !̄

�!
⇠ 1

Much broader signal - 
existing searches would 
throw out as background



Nick Rodd  |  New Ideas for Axion DM 49

THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity
<latexit sha1_base64="h7R2B1oV1DgkE/icRn8FujWerdw=">AAACE3icbVDLSgMxFM3UV62vqks3wSK0CmVGRF0W3bisYB/QGYZMmrahyWRI7ghl6D+48VfcuFDErRt3/o3pY6HVAwkn59zLzT1RIrgB1/1yckvLK6tr+fXCxubW9k5xd69pVKopa1AllG5HxDDBY9YADoK1E82IjARrRcPrid+6Z9pwFd/BKGGBJP2Y9zglYKWweEzKUMG+4dJeqQw59qkyZV9J1if2BfgE+8mAh7wSFktu1Z0C/yXenJTQHPWw+Ol3FU0li4EKYkzHcxMIMqKBU8HGBT81LCF0SPqsY2lMJDNBNt1pjI+s0sU9pe2JAU/Vnx0ZkcaMZGQrJYGBWfQm4n9eJ4XeZZDxOEmBxXQ2qJcKDApPAsJdrhkFMbKEUM3tXzEdEE0o2BgLNgRvceW/pHla9c6r7u1ZqXY1jyOPDtAhKiMPXaAaukF11EAUPaAn9IJenUfn2Xlz3melOWfes49+wfn4BjOenHs=</latexit>

a(t) ⇠
X

i

cos(!it+ �i)

Power in the axion field
<latexit sha1_base64="Y6NYnU9wuJTDffZS89BHePhsSzg="></latexit>

hSa(!)i =
⇡⇢a
!̄

p(!)

!Power spectral density - 
measures power at a 

given frequency



Nick Rodd  |  New Ideas for Axion DM 50

THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity
<latexit sha1_base64="h7R2B1oV1DgkE/icRn8FujWerdw=">AAACE3icbVDLSgMxFM3UV62vqks3wSK0CmVGRF0W3bisYB/QGYZMmrahyWRI7ghl6D+48VfcuFDErRt3/o3pY6HVAwkn59zLzT1RIrgB1/1yckvLK6tr+fXCxubW9k5xd69pVKopa1AllG5HxDDBY9YADoK1E82IjARrRcPrid+6Z9pwFd/BKGGBJP2Y9zglYKWweEzKUMG+4dJeqQw59qkyZV9J1if2BfgE+8mAh7wSFktu1Z0C/yXenJTQHPWw+Ol3FU0li4EKYkzHcxMIMqKBU8HGBT81LCF0SPqsY2lMJDNBNt1pjI+s0sU9pe2JAU/Vnx0ZkcaMZGQrJYGBWfQm4n9eJ4XeZZDxOEmBxXQ2qJcKDApPAsJdrhkFMbKEUM3tXzEdEE0o2BgLNgRvceW/pHla9c6r7u1ZqXY1jyOPDtAhKiMPXaAaukF11EAUPaAn9IJenUfn2Xlz3melOWfes49+wfn4BjOenHs=</latexit>

a(t) ⇠
X

i

cos(!it+ �i)

Power in the axion field
<latexit sha1_base64="Y6NYnU9wuJTDffZS89BHePhsSzg="></latexit>

hSa(!)i =
⇡⇢a
!̄

p(!)

!

Experimentally accessible power
<latexit sha1_base64="S1Qowahg+bl8XYZTMZjrI5m2604="></latexit>

hSg@a(!)i = ⇡g2a��⇢a
!

!̄
p(!)



Nick Rodd  |  New Ideas for Axion DM 51

THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity

<latexit sha1_base64="ri++43pi1bvvTjeWCcczVVyugQc="></latexit>
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Estimate sensitivity by matching power PDM = PCaB
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity
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Estimate sensitivity by matching power PDM = PCaB
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity
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Estimate sensitivity by matching power PDM = PCaB
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Rough Sensitivity
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Parametric scaling confirmed by detailed 
calculations for both resonant and 

broadband instruments
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Experimental Landscape
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Experimental Landscape
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Experimental Landscape
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Experimental Landscape
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Experimental Landscape
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Experimental Landscape
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Late time production can generate  
Dark matter decay is one example

ρa > ργ
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Experimental Landscape
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Late time production can generate  
Dark matter decay is one example

ρa > ργ

Galactic decays Qa ∼ 103
Extragalactic decays Qa ∼ 1
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Dark Matter Decay Sensitivity
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χ → relativistic
τ ≳ 50 Gyr

ADMX could already have a 
signal on disk - working 
with the collaboration to 
implement the search

ADMX is converted to an 
axion telescope - signal 

undergoes daily modulation 
due to (∇a) ⋅ B
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Dark Matter Decay Sensitivity
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Summary
Data collected by axion DM instruments is 

sensitive to a cosmic axion background
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THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]
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Conclusion
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Stream Localization
DARK MATTER INTERFEROMETRY

[Foster, NLR+ 2020]

Velocity distribution support sets  

Recall, for maximum sensitivity we want  

For bulk halo, expect , whereas for stream  

Small differences in  results in a large change in cos argument

|v | ∼ v̄

d ∼ λc

v̄ ∼ v0 v̄ ≫ v0

v̂ ⋅ x̂12

<latexit sha1_base64="fKn7KBXkykIdmRi1EbSBFC7/1m0="></latexit>

Fc
12(v) =

Z
d3vf(v) cos(mav · x12)�[|v|� v]

<latexit sha1_base64="ZfF+y2flOaOWpwGYonPpT5hpsNA="></latexit>

mav · x12 ⇠ (mav̄d)v̂ · x̂12

<latexit sha1_base64="+c907exxZL7P+b3Hzjyab8BMz2w="></latexit>

(mav̄d)v̂ · x̂12 ! (mav̄�c)v̂ · x̂12 ⇠ v̄

v0
v̂ · x̂12
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Daily Modulation
THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

<latexit sha1_base64="ivFpPf8q3aAWg6JhNGhodBqAoGs="></latexit> r ·E = ⇢� ga��B ·ra

r ·B = 0

r⇥E = �@tB

r⇥B = @tE+ J� ga�� (E⇥ra� @taB)

Full Equations
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Daily Modulation
THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Assume only large static  fieldB

<latexit sha1_base64="0sfU24+6/Q6cLCqq0Z3trsKAn5U="></latexit> r ·E = ⇢� ga��B ·ra

r ·B = 0

r⇥E = �@tB

r⇥B = @tE+ J+ ga��@taB
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Daily Modulation
THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Assume only large static  fieldB

<latexit sha1_base64="rYX8vWqhFSklFPeMaE3OQcp1xeo="></latexit> r ·E = ⇢� ga��B ·ra

r ·B = 0

r⇥E = �@tB

r⇥B = @tE+ J+ ga��@taB

Effective Charge

Effective Current
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Daily Modulation
THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Sensitive to the incident direction
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B ·ra = a(t)k ·B
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Daily Modulation
THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Power deposited sensitive to α

<latexit sha1_base64="0vFvxwcOU3LJ1LtpIJ47G/zVMBA="></latexit>

PCaB
a =

⇡

8
sin4 ↵ g2a��QaB

2
0V C

⇢a
!̄

Daily modulation 
in the signal!
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Dark Matter Decaying to Axions
THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Slide courtesy of Jeff Dror
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Parametric Resonance
THE COSMIC AXION BACKGROUND

[Dror, NLR, Murayama 2021]

Slide courtesy of Jeff Dror


