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Introduces a new source for E&M fields

VX B = 8tE + J + gaWBﬁta
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Outline

What else might we see with these instruments?

EA’ Nick Rodd | Echos of the Early Universe in Axion Haloscopes
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Outline

1. Could non-dark matter axions leave a signal?
The Cosmic Axion Background

20 CaB Gaussian (0 = @)
10f

O_

a [eV]
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Outline

1. Could non-dark matter axions leave a signal?
The Cosmic Axion Background

20 CaB Gaussian (0 = @)
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2. What other passing waves could a haloscope detect?
High-Frequency Gravitational Waves
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WARMUP

How to Discover
Dark Matter



Axion Dark Matter

1 ~
LD —Zgafyfy&(FF)

Introduces a new source for E&M fields

VX B = 8tE + J + gafy'yBﬁta

EA’ Nick Rodd | Echos of the Early Universe in Axion Haloscopes
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AXION DARK MATTER

Detection with a Toroidal Magnet

I@ DMRadio-50L: toroidal geometry [Kahn, Safdi, Thaler 2016]
A Nick Rodd | Echos of the Early Universe in Axion Haloscopes DMRadio-m3: solenoidal geometry [Sikivie, Sullivan, Tanner 2014]
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Detection with a Toroidal Magnet
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DMRadio-50L: toroidal geometry [Kahn, Safdi, Thaler 2016]

@ Nick Rodd | Echos of the Early Universe in Axion Haloscopes DMRadio-m3: solenoidal geometry [Sikivie, Sullivan, Tanner 2014]
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AXION DARK MATTER

Detection with a Toroidal Magnet

Jo = Ja~vy~ (875&)]3()

I@ DMRadio-50L: toroidal geometry [Kahn, Safdi, Thaler 2016]
A Nick Rodd | Echos of the Early Universe in Axion Haloscopes DMRadio-m3: solenoidal geometry [Sikivie, Sullivan, Tanner 2014]
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AXION DARK MATTER

Detection with a Toroidal Magnet

s

@a(t}'z Jar~(0:a) Bor* RIn(1 + A/R) ~ gan~y(050) BeV

_ DMRadio-50L: toroidal geometry [Kahn, Safdi, Thaler 2016]

DMRadio-m3: solenoidal geometry [Sikivie, Sullivan, Tanner 2014]

Nick Rodd | Echos of the Early Universe in Axion Haloscopes
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Cosmic Axion Background

[Dror, Murayama, NLR PRD 2021]



The Cosmic Axion Background

Can we detect relativistic axions that
are a relic of the early Universe?

El Nick Rodd | Echos of the Early Universe in Axion Haloscopes [DI’OI’_ Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Landscape
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THE COSMIC AXION LANDSCAPE
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THE COSMIC AXION LANDSCAPE

Landscape

% CaB Landscape
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cf. gravitational
waves
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10~ 1073 1072

Where is g,,,?
Coming in a few slides

[Dror, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE
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Where is g,,,,?
Coming in a few slides

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

Landscape
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THE COSMIC AXION LANDSCAPE

Landscape
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Parametric resonance produces ~Gaussian
spectrum [Micha, Tkachev 0403101]

Late time production can achieve p, > p,

E.g. DM decay, subtle due to Bose enhancement

Exact string spectrum is an active debate
Follow [Gorghetto+ 2018, 2020], see also

[Buschmann+ 2022] & [Dine+ 2020] .
Additional Sources

Moduli decay: [Conlon, Marsh 2013]
Bosenova: [Eby+ 2022]
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THE COSMIC AXION LANDSCAPE

Landscape
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THE COSMIC AXION LANDSCAPE

Landscape
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity

a(t) ~ > cos(wit + ¢;)
)
Sampled from p(o), the

pdf of frequency/energy

EA' Nick Rodd | Echos of the Early Universe in Axion Haloscopes

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

Rough Sensitivity

a(t) ~ Z cos(wit + ¢;)

0.4 Dark-Matter Axion

Sampled from p(w), the
pdf of frequency/energy

Random phase
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity

a(t) ~ Z cos(wit + ¢;)

Accessible power in the axion field

oy,

Power spectral density -
measures power at a

given frequency

EA' Nick Rodd | Echos of the Early Universe in Axion Haloscopes

(999a(w)) = TGaryPa—P(w)

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

Rough Sensitivity

a(t) ~ Z cos(wit + ¢;)

Accessible power in the axion field

- TGamPaQa

Power spectral density - <Sg da (CD) > o W

measures power at a
given frequency

Approximate p(w) ~ Q,/®

EA' Nick Rodd | Echos of the Early Universe in Axion Haloscopes

Recall O, ~ @/o,

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

Rough Sensitivity

a(t) ~ Z cos(wit + ¢;)

Accessible power in the axion field

- TGamPaQa

Power spectral density - <Sg da (CD) > o W

measures power at a
given frequency

Approximate p(w) ~ Q,/® Recall O, ~ @/o,

Estimate sensitivity by matching power Ppy = Pegg

gq Nick Rodd | Echos of the Early Universe in Axion Haloscopes [DI’OI‘, Murayama, NLR 2021]
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THE COSMIC AXION LANDSCAPE

Rough Sensitivity

2
DM
o ga’y’y QDM
Pa = PDM | ~og
ga/yfy QCCLB

Lose: p, < ppm

Detection requires enhanced g,,,,, €.8.

Lose: QC({B < QDM

Parametric scaling confirmed by detailed

calculations for both resonant and
broadband instruments

[Choi, Im 2015], [Farina+ 2016],
[Agrawal+ 2017], [Dror, Leedom 2020]
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THE COSMIC AXION LANDSCAPE

Experimental Landscape
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THE COSMIC AXION LANDSCAPE

Experimental Landscape
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THE COSMIC AXION LANDSCAPE

Experimental Landscape
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cannot reach cosmic
relics
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THE COSMIC AXION LANDSCAPE

Future Directions
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THE COSMIC AXION LANDSCAPE

Future Directions
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THE COSMIC AXION LANDSCAPE

Future Directions

Does the logic CaB Landscape
extend to other __ SE
Gayy = Garyy

axion couplings?
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THE COSMIC AXION LANDSCAPE

Summary

The Cosmic Axion Background could
emerge as we drive towards dark matter
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High-Frequency
Gravitational Waves

[Domcke, Garcia-Cely, NLR PRL 2022]



High-Frequency Gravitational Waves

Is an axion haloscope also a
gravitational-wave telescope?

El Nick Rodd | Echos of the Early Universe in Axion Haloscopes [Dokae, GarCia-CEIY_ NLR 2022]



HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

1
S D /d4x\/—g (—ZFQ)
Work with a linearized metric

Ipv = N + s | <1

Induces terms of the schematic form

hI*?

[Gertsenshtein 1962]
[Boccaletti+ 1970]

[Raffelt, Stodolsky 1988]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

1
S D /d4x\/—g (—ZFQ)
Work with a linearized metric

Ipv = N + s | <1

Induces terms of the schematic form

hE? & guyaFF

[Gertsenshtein 1962]

[Boccaletti+ 1970]
[Raffelt, Stodolsky 1988]

Clear analogy with
axion electrodynamics

Eq Nick Rodd | Echos of the Early Universe in Axion Haloscopes [Dokae. GarCia-CEIY_ NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

hE? & genaFF

Oth order estimate by pushing this analogy

See also [Berlin, Blas, Tito D’Agnolo, Ellis,

Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

hE? & genaFF

Oth order estimate by pushing this analogy

h ~ ggy~a

See also [Berlin, Blas, Tito D’Agnolo, Ellis,

Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

hE? & genaFF

Oth order estimate by pushing this analogy

See also [Berlin, Blas, Tito D’Agnolo, Ellis,

Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

hE? & genaFF
Oth order estimate by pushing this analogy

@\/PDM N a\/pDM
2TMg fo / 2TM fr

See also [Berlin, Blas, Tito D’Agnolo, Ellis,

Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

hE? & genaFF
Oth order estimate by pushing this analogy

Oé\/pDM -~ a\/pDM N 10—22
2TMg fo / 2TM fr

See also [Berlin, Blas, Tito D’Agnolo, Ellis,

Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

hE? & genaFF
Oth order estimate by pushing this analogy

Oé\/pDM -~ a\/pDM N 10—22
2TMg fa  2TMy fr

Far from bound on cosmological sources

1 MH
h< 10727 < - Z) AN

Only sensitive to late time sources

e.g. PBH Binary signal within reach See also [Berlin, Blas, Tito D’Agnolo, Ellis,

Harnik, Kahn, Schutte-Engel 2021]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

As for the axion, induce new E&M sources

V.-E=_-V.P
VszﬁtE+V><1\/I+8tP

although with a more complicated from

Pi — _hijEj + %hEZ —+ hOOEi — eijkhOjBk
Mz’ — —hiij — %hBZ —+ hjsz' -+ Ez’jkhOjEk

Axion equivalent

P = g,y,aB, M = g4yyaE

Eq Nick Rodd | Echos of the Early Universe in Axion Haloscopes [Dokae_ GarCia-cely_ NLR 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Gravitational Wave Electrodynamics

As for the axion, induce new E&M sources

V.-E=_-V.P
VszﬁtE+V><1\/I+8tP

although with a more complicated from

Pi — _hijEj + %hEl —+ hOOEz’ — eijkhOjBk
Mi — —hiij — %hBZ —+ hjsz' -+ Ez’jkhOjEk

Following [Berlin+ 2021] work in proper detector frame, where

Axion equivalent 9 3
P = gayyaB, M = goyyal h ~ W O(w )

See also [Fortini and Gualdi 1982],
[Marzlin 1994], [Rakhmanov 2014]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

EA! Nick Rodd | Echos of the Early Universe in Axion Haloscopes




HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

£\

/

\A A/

GW

[

\>
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

GW

\A A/

J . also non-zero

EA' Nick Rodd | Echos of the Early Universe in Axion Haloscopes
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

ﬁ . Ww’B. R le“ 2¢"  2(e" —1)

R e [T NPT WY

2 K K
. w B R 1 1 2 2(1—€") - T
Jp 0 ([_5_ ;‘*‘ 2 + 3 ] (php2 rmo T 2Pz r:O)
eK 2 2(1 - 6'{) T T
+ l; + 2 + 3 ] (2 hop r—o T 2Nz r:O)
1 1 1+2e" 3" —1
+ik, l2— + i +36 + (e - )} ririhi; _0>,
K K K K =
> k
GW > *
> TT e + (qin2 2 2 X :
J h/)p |r:0 = \/Q (_h‘ (Sln (¢ - ¢h) — COS (¢ - ¢h) Cos eh) +2h” cos eh COS(¢ - ¢h) Sln((b - ¢h)>,
—iwt
A h/I"L r=0 = 6\/5 (_}L+<1 + (5052 6/1.) SiIl((/) - (ph) COS(¢ - (bh) + }Lx COS(2(¢ - ¢h)) COs 0/1)7
h,l,z' —0 =" (i:/l; (h+ cos 0}, sin ), cos(¢p — ¢p,) + h™ sin 6, sin(¢p — (/),L)),

()—iwt

b ’r:() = 75 <}L+ cos 0, sin 0y, sin(¢p — ¢p,) — h”™ sin ), cos(¢p — (,b,,,)),

—iwt
\ [ - 7 ht sin®@,.

j Cf. axion: J, = g,,,(0,a)By

—"

J . also non-zero
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Optimized Reach

Figure-8
pickup loop

Circular loop is not optimal
Why? Symmetry implies

selection rules for GW
[Domcke, Garcia-Cely, Lee,
NLR 2306.03125]

VH

e—iwt
(I)h(t) ~ 3\/§
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Optimized Reach

holometer

EDGES

|
— L -

UHF-GW Landscape
: ) | ! :

[

ARCADE
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

—_
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ot
T

levitated sensors /

holometer

EDGES

= -
8 A
|<ﬂ I 2 )
O allo In particular we conclude:
&g =
<

1. Previous analysis of the Li-Baker detector concept is incorrect by many

orders of magnitude

3. No foreign threat in HFGW is credible, including:

(a) Communication by means of HFGW
(b) Object detection or imaging (by HFGW radar or tomography)

(c) Vehicle propulsion by HFGW

(d) —or any other practical use of HFGW.

:& -
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

—10

Confirm CAST sensitivity

How many signal events would CAST see in one year?

~ (# of incident gravitons) X p(graviton — photon)

= 10
=
10—30

10—35

0—40
Gas of gravitons - not a f [H Z]
gravitational wave
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

—10

Confirm CAST sensitivity

(m,AT) X p(g = ¥)

+
=
10—30

10—35

0—40
Gas of gravitons - not a f [H Z]
gravitational wave
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

—10

Confirm CAST sensitivity
B*L*

M2

(n,AT) X p(g — 7) = (B*MzwL*T) X <
Pl

= 10
=
10—30

10—35

0—40
Gas of gravitons - not a f [H Z]
gravitational wave
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

—10

Confirm CAST sensitivity
B°L?

(n,AT) X p(g — 7) = (B*MzwL*T) X v
Pl
= U
<

10—30

10—35

0—40
Gas of gravitons - not a f [H Z]
gravitational wave
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

—10

Confirm CAST sensitivity

B?[2
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Future Directions

10—10

10—15

10—20

10—25

h [strain]

10—30

Can the boundary be crossed?
40 , [Dyson “Is a graviton detectable?” 2013] No
102 10° [Carney, Domcke, NLR 2308.12988] Yes, but this

Gas of gravitons - not a wouldn’t prove gravity was quantised
gravitational wave
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Summary

Axion haloscopes are
gravitational wave telescopes
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Conclusion

Our deepening search for dark matter
opens a path to many new discoveries

UHF-GW Landscape

DMRadio
HAYSTAC

mg < 1 neV

[Dror, Murayama, NLR PRD 2021] [Domcke, Garcia-Cely, NLR PRL 2022]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Sources

[Late Universe

0.75 m interferometer +| magnon

SOURCES LEGEND

holometer

| === Neutron stars

= Primordial BHs

EDGES

20— Exotic compact objects

IAXO HET

= Superradiance (annihilation)

logg A,

IAXO
SPD

- Superradiance (decay)
-25¢ ]

-30-

JURA/ ALPSII

5 10 15 20
logy(f/Hz)

log;g A,

-20+

-35

0.75 m interferometer <«
oLt

holometer

L

i
/

magnon

IAXOHET

TAXO
SPD

JURA

ALPS I

IAXO

10
log;o(f/Hz)

15

Early Universe

SOURCES LEGEND

BBN bound

Inflation (extra-species)
Inflation (effective field theory)
Inflation (scalar perturbations)
Preheating

Oscillons

Phase transitions

Cosmic strings

Metastable strings

Gauge textures

Cosmic gravitational
microwave background

[Aggarwal+ 2020]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Sources: Phase Transitions
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Sources: CGMB

Blackbody only if Ty > Mp, - arises from non-thermal emission
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

TT gauge: GW is a plane wave ~ el(kT—wi)

Proper Detector Frame: more involved

h()() — wQF(k . I') b - I, bj = rzhzTJT

r=0’
1 A .
ho, = §w2 F(k-r)—iF'(k-r)] (k-rbi—b-rki),
hij = —iw?F'(k-x) ([e[? b | _ +b-1di; — biry — bjrs),

F(§) = (e —1-1if) /& = ~1/2+ O(§)

See also [Domcke, Garcia-Cely,

Lee, NLR 2306.03125]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

TT gauge: GW is a plane wave ~ el(kT—wi)

Proper Detector Frame: more involved

h()() — w2

hoi = w?
2

hij — W

See also [Domcke, Garcia-Cely,

Lee, NLR 2306.03125]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

In the TT gauge GW satisfies

how =0, h*, =0, 0"h,, =0

Treating the GW as a plane wave, takes the form

hii = [(U;U; — V;V;) R + (U;V; 4+ V,;Uj) B

e7j(k-r—cut)

75

lA(—SQhA(’bh—I—CQhéZ, V = Ath U = V><k

P

Incident angle (6,, ¢;,)

TT frame is not a locally inertial coordinate system:
description of experimental apparatus complex

EA' Nick Rodd | Echos of the Early Universe in Axion Haloscopes

[Domcke, Garcia-Cely, NLR 2022]



HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

Use Fermi normal coordinates
along a geodesic [Fermi 1922]

,I: ] ?/k .l,m ...mn k l m e mn

n-+2 -
hOi = —2 E ROkil mi..my kT mq---T'm
n _I_ 3 9 1-.-- mn 1 n )

R is evaluated at the
coordinate origin

n+3 -
hOO = —2 E ROkOl mi..my kT mq---T'm
n _I_ 3 9 1--- n 1 n

[Fortini and Gualdi 1982], [Marzlin 1994], [Rakhmanov 2014]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

Proper detector frame:
Fermi normal coordinates transformed to the non-
inertial reference frame of the detector

[Ni, Zimmermann 1978]

Non-inertial corrections (Earth’s gravity, Coriolis
effect, etc) are irrelevant at higher frequencies -
effectively can just use Fermi normal coordinates

Eu Nick Rodd | Echos of the Early Universe in Axion Haloscopes [Dokae. GarCia-cely_ NLR 2[]22] 92



HIGH-FREQUENCY GRAVITATIONAL WAVES

Proper Detector Frame

All orders currents for a toroidal magnetic field

2 K K K
. w'B R |e 2e 2(e” — 1)
- R ] [ NV WAL

J¢ p K K K
2 K K
. w'B R 1 1 2 2(1—€") T T
]p: P ([—§—E+ 52 + /4;3 ] (phpz r:O—I—ZhZZ r:O)
eK/ 2 2(]. i BH)] TT TT
+ + — + z2hy,| o+ zh,, |
o S S gl ek
, 1 1 142" 3("—1) .
+ik, [ﬂ + 202 3 T A ] TiTihis {emo |5
k=ik-r

—iwt
inloco = g (7 (6i0%(6 — 00) — cos”(9 = dy) cos” B,) + 21" cos By cos( — ) sin( — 61,

—iwt
B3l = g (BT (L cosB4) sin(6 — 6,) cos( — dn) + K™ cos(2(¢ — d1)) cosB ),

—iwt

Ppz oo = — 7 (h+ cos 0}, sin 0}, cos(¢ — @p,) + h™ sin 0}, sin(¢p — (bh)),

—iwt
hor |,y = e\/§ (h+ cos 0}, sin 0y, sin(¢ — ¢p,) — h™ sin By, cos(¢p — th)),

—iwt
RET| = e\/i K sin?6),.
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

Circular
pickup loop

cf. axion

P, (t) ~ Ja~~ (é’ta)BOV

ie—zwt

Pat) = - G W3hX Borr® RA(A + 2R) sin? 0), ~ w?hByV?/?
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Detection Strategy

Circular
pickup loop

O(w?) contribution
has vanished!

Z'e—zwt

Pu(t) = < NG W3hX Borr? RA(A + 2R) sin? 0), ~ w?hByV?/?
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Circular pickup loop reach

Sensitivity set by @, = ®,(Q./Qn)"*

Strong scaling
B with frequency

_ DMRadio GW Sensitiyiltlym

f [MHz]

EA" Nick Rodd | Echos of the Early Universe in Axion Haloscopes

T O R NN 1) parable to
1072 1071 107 10 10 h ~ 10722

[Domcke, Garcia-Cely, NLR 2022]




HIGH-FREQUENCY GRAVITATIONAL WAVES

Optimized Reach

What happened to the leading contribution?

Leading contribution

vanishes when integrated
over a circular pickup loop

—0.12 —0.08 —0.04 0.00 0.04 0.08 0.12
B./[Bumaxh™ (wR)?)

But why? Symmetry imposes selection rules GW must satisfy

Eq Nick Rodd | Echos of the Early Universe in Axion Haloscopes [Dokae_ GarCia-cely_ Lee_ NLR 2023]
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HIGH-FREQUENCY GRAVITATIONAL WAVES

Optimized Reach

What happened to the leading contribution?

Leading contribution
vanishes when integrated

over a circular pickup loop

Selection rules: determine
leading terms without calculating

Apply also to scalar (¢pF?) vs

axion (aF'F) —0.12 —0.08 —0.04 0.00 0.04 0.08 0.12
B, /[Buaxh™ (wR)2]

But why? Symmetry imposes selection rules GW must satisfy
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HIGH-FREQUENCY GRAVITATIONAL WAVES

What could CAST see?

Detecting gravitons requires an extremely large flux

B\~ L \°*
~ 4.6 x 1072 [ —
plg =) . (9 T) (9.26 m>

Could be produced by a nearby PBH inspiral, naively require

m~2x107"° Mgy, d~14x10°m~0.2Rg

At this mass, PBHs can be 100% of
DM [Carr, Kithnel 2021]

Distance incorporates the extremely
short duration of such a merger

But in principle possible, unlike examples Dyson gave

Final merger generate f ~ keV
gravitons
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HIGH-FREQUENCY GRAVITATIONAL WAVES

What could CAST see?

Would such a detection prove a GW is made of quanta? No

Even if the GW was perfectly antibunched, 16 evidence for a
quantised signal would require the following number of events

N2 pg—y)*=10"

Cf. the proposal on the last slide: N = 1

EA! Nick Rodd | Echos of the Early Universe in Axion Haloscopes [carney_ Dokae, NLR 2[]23] 100



THE COSMIC AXION LANDSCAPE

Detecting the Thermal CaB

200 1

150 ¢

L O125¢

EQ

.S 100

K

s b1

g
B ; .

10 106 108 1010 10'2

2 2 4
N(a —v) ~ 2.5 x 10° Jayy 5 = Fexp
1010 Gev 1 10T 10 m 1 year

Potentially detectable!

Thermal
CaB

vVvy
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THE COSMIC AXION LANDSCAPE

Detecting the Thermal CaB

1079

1071

10—11
— i ¢
TR =~ s — 0 | 3
= 1072
@ : Lose sensitivity at higher masses as
[ I | . 2 2
— sin(mz L /2wy)
¢ 10713 4 Pla —7v) = |ggyyB————F———
S B2
] Can delay if give photon a mass
107 3 :
10715 -
1 V = (10 m>3, B=10T e year 4
10_16 T T LR T T T T T T T T T LR T T T TTTTT TTTT TTTTT TTTTT T T
2 A\ 40 9 _% T 6 % A 3 ) A 0
R R VPN RS \ SR AP I VSR SR\ IR VR 10
Mg [eV]
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THE COSMIC AXION LANDSCAPE

Axion NMR

LD gn(Oua)Ny'ysN

Frequency [Hz]

10 10? 10° 10* 10° 10° 107 108 10°

EIIIIIII| | IIIIIII| | IIIIIII| | IIIIIII' | IIIIIII| | IIIIIII| | IIIIIII| YT rrrmm | Iill|||||| lE
1077 = | NS cooling i E
i | i i
10—10 S T — maX(Ta, T2) | SN 1987A i -
- T, = 100 sec | | :

~11 )
10F | -
- I ]
‘_I"—I 10_12 E_ | _§
L : | A
[QD) 10—13 - I g
>, - I |
= 1071 — _
S0 : & He (QCD 3
15T $%7 axion |
10 15 = e | C)/' '{b' —=
S 7 Q&>'q§\b targeted) 3
P S\N 7 I =7 “b\ N
~16 (o ST < -
10 = 96 ,/ Pty T 3
E ,/’,/’, I E
10717 B //;,'/ &N| N
E el I E
E,/:: ::: <l ]
10_18 _:’I”I IIIIII| | | IIIIII| | | IIIIII| IlN‘Illlllll | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIII_I

o™ 10" 10"? 10" 107" 10° 100 107 10® 107
m, [eV]
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Axion signal continues to

grow forz, < T < T,

T LR | LR R | T T T TTTIT LR | T T

1 129xe : 3
E oy = 10713 GeV™! I mg = 1072 neV
[ T, = 100 sec :
107k ' .
— E I 3
tf L [
P I
S i I
g 107 (BT | -
e | mg = 100 neV 3
|
-3 |
1077 :
|
|
|
ll
0

[Dror, Gori, Leedom, NLR 2022]
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THE COSMIC AXION LANDSCAPE

Hubble Tension

12t CaB Landscape ]
101; m, < 1 neV 3
100 :
1071 E a
.
% 10_3% below by AN, ?
i S Pa Py . ]
1075 |
oo} 3
107k :
10—8 L .
I S 12.7 £ 0.1 byr (late) o
109 Tuniverse = {4 13.7 £ 0.1 byr (early) 103 102

14.0 £ 0.3 byr (early, AN.g # 0)

See e.g. [Valentino+ “In the Realm of the
Hubble tension — a Review of Solutions” 2021]

Not a finalist in the Ho Olympics
[Schoneberg+ 2021]
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THE COSMIC AXION LANDSCAPE

Bose Enhancement

Relevant when f, > 1

2 2 a a a L -
Y A A
w?  dw 1 Py 1 pueV

Large over the entire range we consider
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THE COSMIC AXION LANDSCAPE

Bose Enhancement

. . Exploit daily modulation
Can lift with cascade decays

103- ! ! ! L ! ! ! ! R 1055 ! L ! ! L ! ! L
- Present ['[x — @@ — aaaa] Sensitivity | - Future I'[y — @y — aaaa] Sensitivity
[ _ 10 -1 : [ ,
el | : —— HAYSTAC (g, /500)
i ] 103 £ E
b b E ]
+~ +~
~— ~—
e = -
10" F 3 f
: H, Excluded 10" k _:
' H, Excluded :
100 — 100 b
! 107° 10~ ! 1075

mpwm [GV}

Finalizing this analysis with ADMX
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THE COSMIC AXION LANDSCAPE

Cosmic Strings

2t CaB Landscape
101; m, < 1 neV

Cosmic string spectrum depends on the symmetry breaking scale f,
(here 101 GeV) and the exact distribution is an area of active debate

107 E We follow [Gorghetto, Hardy, Villadoro 2018, 2020], but see also
10~ E [Buschmann+ 2021] & [Dine, Fernandez, Ghalsasi, Patel 2020]
_107%F )
3 sl 10 ‘
— 1077F s ANgg > 1
C uf N 10
10 T JEAS IR 10-5
[ // | -
107 R :
: e i 10~
1070k Cp | ! —
B “‘S~~1\C\ St[‘]n /l} ‘lg;) 1 o< §/ 10_8
1077 —--28 S g | v
e 1 : l G 9
_8 P P 10
10 e I \7%~~§§ : Q
.7 I | “T‘~\ 10—10
10—9 1 AR R I 1 N .
10~ 10-° 10-7 107° 1011
w [eV]
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THE COSMIC AXION LANDSCAPE

Parametric Resonance

Oscillations when

2
V(@) =X (127 = 12/2)" i e

1/2
' To) \'/° . _ mSH (xs)
Typical energy: e~ mEE (v, (S(—> ~ 107 1% eV X
a X (X’L) S(T()sc) Mev
xi \”
Energy density: Qo ~3x1077 ( - ) -+ detectable?
Mp) '

Assume x dark matter

10 , 100 ey
T .
1017 L : ............... ‘.‘ ............. p."..:..l.Q:?/.)E'--é 107 | ]
-1 . 1 000 = ol
— A Pa = 10 P i
> 106N 5T NG IR -4 <
] ~ 104} :
O . ‘ % o\ ; S _ Gaussian
~ 10 . 0 < « \O | _
W \% N YW \& E —_— =
= “\% DN ] _
10} “\C PR 1 - o =01
A \ o L NG 100 10 PR — 10
2N . Garyy = 0.66 x 10710 GeV o =100
ey RN . | Gayy = UPO XAV eV T T
1013F el][l)/\) ‘/0\
© N
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10~ 107 10~ 1 10 10 10 [ V]
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X

EA’ Nick Rodd | Echos of the Early Universe in Axion Haloscopes [Dror_ Murayama_ NLR 2021] 108



The Irreducible Axion

- 10—13

?\
=]
> 10—14

10—15

Lol 1 L1l 1 L1 o1l 1 Lol L1 o1l 1 Lot gl 1 Lol 1 1

102 101 10° 10! 102 103 10% 10°

10—16 TRH — 5 Mev ................. _______ -
1 1
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The Irreducible Axion

Take m, = 10 keV

Early Universe: photon conversion (ye — ae)
freezes-in axions

2

& T
F = 1074 =2 ( = ) (1)
8oy S MeV
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The Irreducible Axion

X-ray constraints at ~10 keV require

tom 2 107 s =2 g™ S 7x 1077 GeV™! ~ 1075

Must satisfy p, /T, < pov/Tpv and 771 o gg},},, SO

T gDM :
F.5—4—={—"7] @
DM ga}/}/
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The Irreducible Axion

2
F o~ 10—4<gaW> < TR
ghy 5 MeV

> (1)

T 8oy :
f,};a S a_ _ ayy (2)
DM g ayy

Combine (1) and (2)

5 ayy

HB
8 ayy

=

S

= 4, STX 107 GeV! <« g b

1()4<

DM
Sayy

HB
8 ayy
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1/4

~ (10—12)1/4 ~ 10—3

ayy

[Langhoff, Outmezguine, NLR 2022]
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The Irreducible Axion

Electron Couplings

10—10

S,
10711 wCen N198714 D
O > eCayS
12 Y//@ O

10~ - \¥/1
\ ]
1077 - Ny - ;
S0 RN ]
& Fa=107"
10-15 L .
o K 00 [ ]
10-17 b A OB, g T
: TRH =5 MeV - ," / ]
10—18 Lol Lol L=l L A0l L

10! 10? 103 10t 10°
mg [keV]
gaee a — U
( ua)QW Y5€
2m
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With misalignment

1071 100 101 102 103 104
mg [keV]

[Langhoff, Outmezguine, NLR 2022]

SD SN1987A Decays

10°
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QCD Axion Mass

At T = 0 one can compute the axion effective potential

4dm m
V(a) = — m2f2. |1 d__ gin? [ =

\ (mu + md)2 z_fa

Expanding out, we find

m, ~ (.
fa mu+md fa

[Cortona, Hardy, Vega, Villadoro 2015]
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Axion Dark Matter

In an FRW universe, the axion evolves according to

i+ 3Hda+m2a =0

For early times, H > m_, a(f) = a,

At late times,

"R(H=m,)

H<m,
3/2

R(?)

ay cos(m,t)

The energy density, p « a’, behaves like CDM

p(t) = p(H = m,)

‘R(H=m,)
R(?)

See, e.g. [Hook 2018]
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Axion Dark Matter

Signal Power of the QCD Axion

P, ~5yW at 5 GHz
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