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Wir müssen wissen – wir werden wissen ("We must know — we will know.") -- Hilbert

f<Mpl
This talk



AXION COSMOLOGY





SSB before/during inflation “blows up” 
one patch of θ to the whole Universe.
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Initial θ is random. Cannot predict axion 
mass from DM density.
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a� = 0 Isocurvature à inconsistent with observably large rT.



SSB after inflation leads to many different θ 
patches across our Universe.
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Kibble mechanism à topological defects. Decay 
produces oscillations in the axion field.

Averages out the random value of θ à predictive. No isocurvature à consistent with large rT.



Fig: Gorghetto et al (2018)

Strings form at SSB. 
Hubble  scales around 
fa~1010 GeV.

The Universe expands. Strings 
decay when axion field 
oscillates, Hubble ~ ma.

Numerical problems limit 
the separation of scales.

Physical scale log~70 à 
need extrapolations à 
large theoretical error.

Strings decay when the axion potential drives θà0 vacuum (broken shift symmetry). This occurs 
when H~ma. String size~/mr~1/fa. Simulate the classical, non-linear field evolution on the lattice.



Gorghetto et al (2018)
https://www.youtube.com/watch?v=DbvM7emtodo



Riess, Hoof, DJEM, arXiv:2108.09563
RELIC DENSITY à mEV AXONS

A statistical treatment of available simulations à predict the axion mass from Ωdh2=0.12.



Axions From String Decay
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Scaling violation à large number of strings 
per horizon at physical log.

⇢s(t) :=
µ⇠

t2

µ ⇠ ⇡f
2
a log

✓
mr

H
p
⇠

◆

String density with 
cosmic time.

tension

⇠ String length parameter

Approximate axion density from string density 
when H~ma.

Scaling solution: length parameter goes to a 
constant after initial transients die out.

Davis (1986) [and many others]

(Gorghetto et al, 2018)



Gorghetto+: q also has log scaling violation à
Extrapolated spectrum is IR dominated (q>1).
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Sims: Gorghetto+Scaling is maintained by continuous axion emission:
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F = “instantaneous emission spectrum”.
Integrate à total emitted axion density.
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q<1: UV dominated, axions from strings sub-dominant.
q>1: IR dominated, axions from strings dominant.

Radial mode 
Compton 
scale

Horizon scale = 
ma at physical log
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Buschmann+ AMR simulations (log~9).
Scale invariance (q=1). Theory prediction?

Model and add all DM contributions:

•  Realignment. Solve homogeneous e.o.m. and 
numerically average over initial conditions.

•  Strings. Fit the spectrum and extract q and ξ. 
•  Domain walls (fit Hiramatsu+).
•  “Non-linear transient” (fit Gorghetto+).

Model uncertainties and DM likelihood:

•  String spectrum fitting parameters.
•  QCD topological susceptibility (fit from 

lattice QCD, Borsanyi et al).
•  Planck DM density: fix axions as all DM.

MCMC using emcee, 12/13 dimensional 
parameter space. Marginalise to find axion mass.

Hoof, DJEM, Riess (2021)What do current simulations say? Treat available works on same footing.



If the QCD axion is produced by string decay, the mass is relatively large.

50µeV . ma . 20 meV

How can we test this scenario with astrophysics and in the lab?

Too heavy for ADMX! SN1987A upper limit
(Neff <0.2 à80 meV)



MINICLUSTERS
Ellis, DJEM+ (2020, and forthcoming), History: Kolb & Tkachev (1990’s)



Minicluster Seeds

•  PQ field evolution through SSB and string decay 
using “fat string” method.

•  Final axion field configuration @ z~105, T~ MeV.
•  Identify “minicluster seeds”:

MMC ⇡ ⇢a(T1)[a(T1)H(T1)]
�3

⇡ 5⇥ 10�13M�(ma/50µeV)�0.5

These sims do not include gravity à don’t give the final MC masses and radii.
How much DM is in miniclusters? Astrophysical probes? à depends on mass and density.

Vaquero, Redondo, Stadler (2018), lattice field theory.



Semi-Analytical Model
Our approach: solve the “excursion set” spherical 
collapse barrier crossing problem in real space.
Use “peak-patch” method (Stein et al, Bond+)

Ellis, DJEM, Behrens (2020)

Threshold ßà redshift of collapse Identify seeds and predict collapse and 
merger history.



Ellis et al (in prep)



Numerical Simulation

MCs contain axion stars: “core-halo relation”.
Miniclusters are just ordinary DM halos and 
are NOT single axion stars! 

Eggemeier+ (2019,2020)

Hierarchical structure formation after equality à 
NFW-like minicluster halos.
While very dense compared to adiabatic “ordinary” 
halos, pheno is still relatively boring.



What happened to the “seeds”?
Self-similar collapse before equality. Denser minicluster seeds, Δ>>200? Power law profiles?
Are simulations/halo finders missing the seeds? Swallowed as substructure? Missed dense cores?

Tag seeds at equality. Overdensity, δ, defined via 
collapse redshift of Peak-Patch merger tree.

Ellis et al (in prep)
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Morphology of Miniclusters
Most identified rare seeds end up as NFW minicluster halos predicted from hierarchical mergers.

Ellis et al (in prep)

NFW and power law predictions for halos matching seeds >75%. No evident correlation with δ.

Power law, α~-3



Microlensing?
Older studies with power law profiles and extrapolated δ à possible lensing in HSC.
NFW profiles with predicted c(M) cannot lens due to shallow inner slope à no caustics.
Most optimistic case: assign profiles with rs unresolved as r-3 profile and central axion star.

WATCH 
THIS 

SPACE 

Fairbairn, DJEM, Quevillon (2017)
Ellis et al (in prep)



Radio Lines & Transients Edwards et al (2020)

MC-neutron star collision à convert axions to photons in magnetosphere à radio transient.
Tidal stripping model à events. Highly dependent on profile. Hope?

WATCH 
THIS 

SPACE 



DIRECT DETECTION: TOORAD!
DJEM et al (PRL, 2019); Schuette-Engel, DJEM et al (JCAP, 2021)



How to Detect Axions ⌫a ⇡ 1GHz⇥
✓

ma

6µeV

◆



Sikivie Haloscope

Production of radio waves inside the cavity. Power ~10-22 W, detect with e.g. JPA.

Sikivie (1983)
Image: ADMX

L ~ 1/f

δL ~ δ(1/f)

Microwave cavity.

Resonance when axion 
frequency ~ cavity 
frequency (tune the radio)

Volume à works for 
frequencies ~ GHz



meV/THz Challenge

THz cavity has very low power à10-29 W for the axion. Tune δL~ nanometre. 

Magnetic resonance overcomes these problems! 
ω is independent of V, and tuning can happen on δB~µT.

Materials Science:
Antiferromagnetic resonance (AFMR) à THz from “anisotropy field” ~ 10 meV.

Topological insulator à AFMR driven by axion-photon coupling (DJEM et al, 2018).

P = ⇢DM
g2

ma
B2 Q Ve↵

Fixed by MW rotation curve.
Predicted from theory.
Experimental parameters.



Key idea: use the axion quasiparticle to detect axion dark matter.

The longitudinal magnon has the right properties to couple to E.B à axion quasiparticle.

Bi(Fe)2Se3 Mn2Bi2Te5

U = “Hubbard term” , M0 = bulk band gap, nz = magnon �⇥ ⇡ U

M0
�nz

Hypothetical phase in candidate materials:

See also Wilczek (1987)
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Polariton resonance à material acts 
like effective nΘ<1: longer wavelength.

n⇥ = n
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�

Like a Fabry-Perot cavity

Boundary condition calculation 
follows MADMAX

Constructive interference of reflected 
waves à boost amplitude 1/nΘ2.

P =
E2

0

2
�2A

Compute axion-induced electric field, E.

(E0 = induced field in vacuum)



TOORAD = TOpOlogical Resonant Axion Detection

“Resonant dish 
antenna”

meV axion DM search 
for A~(20 cm)2 

Cold Space

B

Quasiparticles

Photons

Axion DM wave



Impurities and Domains Bayrackci et al (2013)
Tveten et al (2015) 

Poorly understood. Estimate for width:

� =
�L

L
!

Typical impurities on the scale of microns, 
while lattice scale ~ 10 Angstroms à

� ⇠ 1µeV ) Q ⇠ 103

At low temperatures, constant effect of impurities dominates the magnon linewidth.
Neutron scattering on MnF2

✓(k1)

✓(k2)

✓(k3)

✓(k4)

à Skin depth of material ~ mm, and maximal 
power enhancement β2~103-4
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meV/THz lacks technology. TOORAD is the highest frequency resonant haloscope proposed in QCD band. 



•  Post inflation SSB predicts axion mass ~meV if 
the string spectrum is IR dominated.

•  Dense, low mass “miniclusters”. What are their 
density profiles? Lensing? Radio?

•  meV/THz is a gap in haloscope technology. Use 
axion quasiparticle materials?

Thank You!



BACKUP SLIDES



Axions vs WIMPs
Two historical dark matter theories proposed in 70’s/80’s.
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Gravitational Collapse

String decay à enhanced power spectrum 
(and large non-Gaussianity) on small scales 
à enhanced early structure formation.

z>zeq dense regions 
undergo infall

z<zeq hierarchical 
structure formation



Dark Matter in the Cosmos

data
theory

⇢DM ⇡ 4⇥ ⇢ordinary

Planck Collaboration

(measured to 1% precision)

⌦dh
2 = 0.12



The Strong CP Problem
A neutron electric dipole moment (nEDM) would violate CP-symmetry of QCD.

Fig: Day, Ellis DJEM (2021)

Wigner-Eckhart: EDM and 
magnetic dipole must be parallel.



The Strong CP Problem

Rawlik & Ayres at nEDM, Switzerland (2017)

nEDM, Abel et al (2020) 

The nEDM is measured using cold neutrons:

dn = 0± 1.3⇥ 10�26 ecm

L✓ =
✓

32⇡2
TrGµ⌫G̃

µ⌫

) dn = 3.6⇥ 10�16✓ ecm

QCD 
topological 
term

θ has a contribution from electroweak CP-violation

✓ = ✓QCD + arg detMuMd

Why is θ< 10-10? θ~1 allowed by symmetry.



Enter the Axion Peccei & Quinn (1977); 
Weinberg, Wilczek (1978)

Make θ dynamical, with a potential possessing a CP symmetric minimum. Recipe follows…

� = (⇢+ v)ei✓

The Peccei-Quinn Field

V (�)

First introduce a U(1) symmetric theory.
Next, chirally charge quarks under U(1).

Anomaly!
) ✓GG̃

Absosrb the original θ with a shift in the PQ goldstone.

SSB!

Goldstone!
Evac = � cos ✓ = Ve↵(✓)Instantons!

Minimise V: axion θ “cleans up” the CP problem.

�5

✓ = 0



CP CLEANER



Enter the Axion - II
ma = 5⇥ 10�6 eV ( 10

12 GeV
fa

)m2
af

2
a = mq⇤3

QCD

The axion is a new pseudo-Goldstone boson. Relic oscillations (“realignment”) à dark matter.

Abbott & Sikivie; Dine & Fischler ; 
Preskill, Wise & Wilczek (1983) 

Axion DM is spatial/temporal variations in the nEDM/θ angle + instanton potential energy.

Local DM density given as a harmonic oscillator :

⇢DM =
1

2
m2

a�
2
0

� = fa✓

!a = ma +
1

2
mav

2 = ma[1 +O(10�6)]

ga���Fµ⌫ F̃
µ⌫

Low energy interaction:

�~E · ~B

Axion-photon decays/conversions

“Axion electrodynamics”



NOW WITH 
DARK MATTER!



Dark Matter on Earth

Dark “halo”
Disk
Bulge

⇢DM ⇡ 0.3GeV cm�3

Milky Way Rotation Curve, Sofue (2012)

us

(measured to ~ 25% precision)



What is the Axion Mass?

The QCD axion

10�22

Galaxy formation
e.g. DJEM (2016)

Fig
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10�2

SN1987A Neutrino Burst
e.g.  Chang et al (2018)
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10�11

“Black Hole Superradiance”
e.g. DJEM & Stott (2018)

Exotic theories: string 
theory, “Fuzzy DM”
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mapping, there can be
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undergoes winding

Formation of Defects

�̈+ 3H�̇+ (k2/a2 +m
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ρ=0 à symmetry 
unbroken along 1D 
cosmic string



M? = 4.16⇥ 10�15

✓
50µeV

ma

◆⇣ vvir
0.1m s�1
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✏Ë + k2E +
↵

⇡
B0�⇥̈ =

2ga�B0
p
⇢DM

ma
cosmat

�⇥̈+m2
⇥�⇥+

↵

4⇡2f2
⇥

B0E = 0

Axion quasiparticle E-B coupling mixes E and Θ à effective photon mass ~ mΘ  ~meV
Axion dark matter drives the system at frequency given by axion mass.

Coupled Perturbations (lossless)

�̈± + !2
±�± = J± cosmat

b =
↵

⇡
p
2

B0p
✏f⇥

= 1.8 meV
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25
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◆1/2 ✓ B0

2 T
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◆
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Scan the 
resonance!

(assumed vs<<c)
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B0 B0

✓D �THz✓Q

A-TI



0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0

10-5

10-4

10-3

0 1×10-3 2×10-3 3×10-3 4×10-3

5

10

15

20

!+

0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0

10-5

10-4

10-3

Resonant enhancement near polariton 
resonance. Increases with thickness. 
Limited by losses.

Losses à finite skin depth à optimal 
thickness ~ 1-2 mm for realistic values.

Bands: 
varying 
3<n<7

Boost Amplitude & Losses

d = 1 mm

“Material 2”: Mn2Bi2Te5 at B=2 T

�2 ⇠ 102 � 104



Dielectric Function
Recall that dielectrics have damping of the electric field:

Bi2Se3 dielectric function. 
Power law extrapolation 
from optical à THz

Cao & Wang (2013)

✏1 ) n ⇡ 5

Ë + �⇢Ė +
k2

✏1
E +

↵

✏1⇡
�⇥̈ = J cos!at

✏2 ) �⇢ ⇠ 0.1� 1µeV

c.f. THz transparent materials 
like silicon tanδ~10-4



Need low dark count, high efficiency detector. 
Possible collaboration with BRASS. Aim for f ~ 800 GHz.

Photon rate on resonance for QCD axion:

�a!� = 3⇥ 10
�4

Hz C2
a�

✓
B

10T

◆2 ✓
10 meV

ma

◆✓
�2

103

◆✓
A

(20 cm)2

◆



Inside Minicluster Halos Ellis, DJEM, Behrens (2020)
N-body: Eggemeier et al (2019)

C~scale 
factor



Minicluster Survival
Survival in the Milky Way is critical to whether we can observe axion DM.

Kavanagh et al (2020); Tinyakov et al 
(2016); Dokuchaev(2017)

Stellar encounters strip miniclusters and 
minicluster halos.

NFW halos are fluffy à 50% survival 
probability @ stellar radius.

Power law profiles are compact à 100% 
survival @ stellar radius.

Minicluster-Earth collisions very rare. How 
much local DM is there?

Fig: Kavanagh



Microlensing of MCs Niikura et al (2018)
Fairbairn, DJEM, Quevillon (2017)

•  NFW profiles with extrapolated C(M) 
don’t lens.

•  Dense, power law MCs lens like PBHs.
•  Naïve model à excludes 10-2 

fraction. Is the post-inflation axion 
ruled out?

What is the axion mass?



Minicluster Survival
Survival in the Milky Way is critical to whether we can observe axion DM.

Kavanagh et al (2020); Tinyakov et al 
(2016); Dokuchaev(2017)

Stellar encounters strip miniclusters and 
minicluster halos.

NFW halos are fluffy à 50% survival 
probability @ stellar radius.

Power law profiles are compact à 100% 
survival @ stellar radius.

Minicluster-Earth collisions very rare. How 
much local DM is there?

Fig: Kavanagh



“MADMAX” Dielectric Haloscope
Experiment to be built at DESY (Hamburg) in 5-10 years. Frequency 10-100 GHz.

Figs: MADMAX collaboration

Different technologies target different frequencies. Nature will decide who chose correctly.



“DMRadio/ABRACADABRA”
Axion induces an effective current in a SQUID pickup loop. Broadband and resonant search. 
Abra-10cm prototype at MIT.

“A Broadband/
Resonant 

Approach to 
Cosmic Axion 

Detection with an 
Amplifying B-field 
Ring Apparatus”, 

Kahn et al (2016)







Fig: Winslow, 
PATRAS-18



AXION QUASIPARTICLES
Review: Sekine & Nomura 2011.13601



Antiferromagnetic “Magnons” Figs: Joel Cramer and 
Wikiwand.com

A-lattice

B-lattice

Spins have magnetic fieldsà 
interact via “exchange” with each 
other, and “anisotropy” to “easy 
axis” direction in crystal.

E = µHE

E = µHA
Exchange:

Anisotropy:

External field à 
spin precession à 
“spin wave”

Antiferromagnetic “magnetization”: n = hMAi � hMBi
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Axion Quasiparticles
In our material candidates (*), the AQ is the longitudinal (amplitude) magnon mode.

Dirac-like electron states
AQ = AF order parameter
γ5 from broken P and T 

EM covariant 
derivative

“Dirac mass” = bulk 
band gap

Néel vector: 
magnons



Axion Quasiparticles
In our material candidates (*), the AQ is the longitudinal (amplitude) magnon mode.

“Integrate in” dynamics for the order parameter M5=Un.  Triangle diagram à E.B coupling.
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Axion Quasiparticles
Li et al (2010) ab initio cubic lattice calculation à electron bands à AQ parameters:

Band integrals from DFT



Measured Simulated

Rescaled estimates from cubic lattice model

At fixed frequency and B field, larger fΘ is slightly favourable.



FINDING THE AXION QUASIPARTICLE
The right antiferromagnetic topological insulator hasn’t been found, yet…



(124) phase crystals supplied. Wrong symmetry à 
AFMR but no axion quasiparticle, metallic. L
Test case for characterisation J 
(225) axion quasiparticle candidate: no recipe yet L

Manganese Bismuth Telluride: MnxBiyTez

New class of intrinsically magnetic topological 
insulators: hot topic in materials science. 
Hunt for dynamical axion is on!

Chang Liu (SUS-Tech), Ni Ni (UCLA)

1 cm



THz Spectroscopy
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GOAL: identify axion-polariton resonance, measure it’s width à discover axion quasiparticle!



Example: AFMR by Transmission Little et al (2017)

We would like to do measurements of ω and Γ like this (AF material αRuCl): 

Time domain spectroscopy with femotsecond THz source. Cryogenic temperatures, B~ 1 T.



Caterina Braggio, INFN Legnaro.

TERAHERTZ TIME DOMAIN SPECTROSCOPY (1)

Spectral range 0.1 � 1 THz
! region of interest for vibrational spectroscopy of liquids, low frequency modes of molecular crystals, drugs,
explosives. . .
! suited to measure the dynamics of mobile charge carriers since they reflect and absorb terahertz radiation

MIR experiment (gr2) in 2012 to test high speed semiconductors

� femtosecond laser (mode-locked Ti:Sa)
� two beam paths:

1. detector line with delay
2. THz pulse generation line ! emitter

� convolution between the THz pulse (ps-duration) and
the optical pulse (fs-duration)

� photoconductive antennas
� lock-in techniques

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
frequency (THz)

10-6

10-5

10-4

10-3

10-2

10-1

Po
w

er
 [a

.u.
]


