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AXION & COSMOLOGY
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Fig. 1. Summary of constraints and probes of axion cosmology.

context. The Fourier conjugate variable to x is k and my Fourier convention puts the 2⇡ ’s under the dk’s. I use the reduced
Planck mass,Mpl = 1/

p
8⇡G = 2.435 ⇥ 1027 eV, and a ‘‘mostly positive’’ metric signature.

2. Models

A classic review of models for axions in particle physics and string theory is Ref. [9], where many more details are
given. A modern review of axions in string theory is Ref. [5], and for pedagogical introductions and phenomenology see e.g.
Refs. [17,14]. This section is intended only as an overview: we will wave our hands through the particle physics
computations, and wave them even more wildly through the string theory. This section is also self-contained, and can be
skipped for those interested only in cosmology and astrophysics. The salient points for cosmology are repeated in Section 3.1.

2.1. The QCD axion

2.1.1. The strong-CP problem and the PQ solution
QCD suffers from the ‘‘strong-CP problem’’. A topological (total derivative) term is allowed in the Lagrangian:

L✓QCD = ✓QCD

32⇡2 Tr Gµ⌫ G̃µ⌫, (2)

where Gµ⌫ is the gluon field strength tensor, G̃µ⌫ = ✏µ⌫↵�G↵�/2 is its dual, and the trace is over the adjoint representation
of SU(3) (a notation I drop from now on).1 This term arises due to the so-called ‘‘✓-vacua’’ of QCD [18], which are discussed
in Appendix A.

The ✓ term is CP violating and gives rise to an electric dipole moment (EDM) for the neutron [19]:

dn ⇡ 3.6 ⇥ 10�16✓QCD e cm, (3)

where e is the charge on the electron. The (permanent, static) dipole moment is constrained to |dn| < 2.9⇥10�26 e cm (90%
C.L.) [20], implying ✓QCD . 10�10.

This is a true fine tuning problem, since ✓QCD could obtain an O(1) contribution from the observed CP-violation in the
electroweak (EW) sector [21], which must be cancelled to high precision by the (unrelated) gluon term. Specifically, the
measurable quantity is

✓QCD = ✓̃QCD + arg detMuMd, (4)

where ✓̃ is the bare quantity andMu, Md are the quark mass matrices.2

1 I have chosen the normalization for the gluon field, Aµ , appropriate for the vacuum topological term, which takes ✓QCD 2 [0, 2⇡ ]. In this normalization
the gluon kinetic term is �Gµ⌫Gµ⌫/4g2

3 , where g3 is the SU(3) gauge coupling constant.
2 The phase of the quark mass matrix is not measured, but could be O(1). CP-violation in the standard model leads to a calculable minimum value for

✓QCD even in the axion model (e.g. Ref. [22]).
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The word axion can take on a variety of meanings:

I QCD axion: the Peccei-Quinn solution to the strong-CP problem ma ∝ 1/fa
I ALP: any pseudoscalar Goldstone bosons of spontaneously broken global chiral symmetries, giving a two

parameter model (ma,fa)
I ST&SUGRA: either matter or pseudoscalar fields associated to the geometry of compact spatial dimensions
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RELEVANT AXION INTERACTIONS WITH SM PARTICLES WHEN v/c� 1
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An almost model-independent axion mass:
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Primakoff effect:
axion detection by their decay into
microwave photons in an external
magnetic field B

a a

FREE AXION

a

AXION-PHOTON

a

AXION-MATTER

 i

 j

La = f−1
a gaijψ̄iγ

µγ5ψj∂µa In DFSZ axion models couplings with
fermions are not suppressed at tree level
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AXION MASS

An almost model-independent axion mass:

ma ' 0.6× 10−4 eV
(

1011GeV
fa

) ω ∝ ma

Ba ∝ ρa DM

�t ⇠ 1

�!
⇠ 0.13ms

✓
10�5eV

ma

◆
coherence time

�L ⇠ 1

�p
⇠ 20m

✓
10�5eV

ma

◆
coherence length

Detecting Axion Dark Matter

-                                        is a very small number but, oscillations allow for coherent detection!✓0 = 3.6 ⇥ 10�19

ma

! ' ma(1 + v2/2 + ...)

�! =
mav2

2

�!

!
⇠ 10�6

- Axion spectrum is not exactly monochromatic, non-zero velocity of DM in the galaxy -> finite width

frequency

- From fa ⇠ 1019 GeV fa ⇠ 108 GeVto 11 orders of magnitude in axion mass to scan ... 1017 channels in mass ....
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Excluded by Lab+Astro

historically favored window

high T lattice QCD calculations
Nature 539, 69 (2016)
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AXIONS AS EFFECTIVE OSCILLATING MAGNETIC FIELD ACTING ON FERMIONS
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fermions are not suppressed at tree level

Hint =
gaee

fa

✓
~ra · ~� + @ta

~p · ~�
me

◆

i~
∂ϕ

∂t
=

[
− ~2

2m
∇2 − gp~

2m
σ ·∇a

]
ϕ

INTRODUCTION Introduction QUAX

QUAX
THE AXION WIND AS AN EFFECTIVE MAGNETIC FIELD

The interaction of a spin 1/2 particle with the axion field a(x) is described by the
Lagrangian:

L =  ̄(x)(i~�µ@µ � mc) (x)� igpa(x) ̄(x)�5 (x)

 (x) is the spinor field of the fermion with mass m

�µ are the 4 Dirac matrices, �5 = i�0�1�2�3

gp dimensionless pseudo-scalar coupling constant

Non-relativistic limit of the Euler-Lagrange equation:

i~
@'

@t
=


� ~2

2m
r2 � gp~

2m
� · ra

�
' ,

� gp~
2m

� · ra ⌘ �2
e~
2m

� ·
✓

gp

2e

◆
ra

has the form of the interaction between the spin magnetic moment (�2 e~
2m� = �2µB�,

with µB the Bohr magneton in the case of the electron) and an effective magnetic field
Ba ⌘ gp

2e ra .
The interaction (??) has been recently considered in Ref.s [?, ?] to search for axion
induced atomic transitions using laser techniques.
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The interaction term has the form of a
spin−magnetic field interaction
with∇a playing the role of an oscillating
(ω frequency) effective magnetic field

ω ∝ ma

Ba ∝ ρa DM
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AN AXION WIND

RELEVANT PROPERTIES FROM Λ−CDM COSMOLOGY

Standard	Halo	Model	for	ρDM	and	f(va)	
Standard	Halo	Model:	Isothermal,	isotropic	Maxwell-Boltzmann		Distribu%on	of	DM		
assuming		ρDM	=0.3	Gev/cm3	

Observed	axion	velocity	va=v-vE,		
where	the	Earth	velocity	vE=	vsun+vorb	

Maxwellian	velocity	distribu%ons		
•  Galaxy	frames	
•  Earth	frame	

I cold DM←→ coherent axion field filling the Universe (hp: axionic DM)

I cosmic axion density ρDM ∼ 300 MeV/cm3 −→ na ∼ 3× 1012 (10−4 eV/ma) axions/cm3

I axion velocities are distributed according to a Maxwellian distribution

f (v) = 4π
(
β
π

)3
/2v2 exp(−βv2), with β = 3

2σ2
v

, σv velocity dispersion [Turner]

I + motion of E in the galaxy −→ they can be seen as a wind with v ∼ 10−3 c
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MATCHING TO THE AXION LINEWITH - High T, no preference for Initial Conditions!     At time                        axion field seeks its minimum

Axions are dark matter ... to some extent

time

Coherent oscillations
=

Dark Matter Axions 

✓(t) = ✓0 cos(mat)

Oscillation frequency

Energy density (harm. oscillator)
! = ma

⇢aDM =
1

2
m2

af2
a✓

2
0 =

1

2
(75MeV)4✓20

t ⇠ 1/ma

0 ⇡�⇡ ✓

V (✓)

- Some amount of axion Dark matter is unavoidable!

a0 is a very small number (Ba ∼ 10−21 T) but coherent oscillations allow for detection

COHERENCE TIME

τ∇a = 0.68τa ' 34µs
(

10−4eV
ma

)

CORRELATION LENGTH

λ∇a = 0.74λa ' 10.2 m
(

10−4eV
ma

)

�!a

!a
⇠ 10�6

I relaxation time of the magnetized
materials/lifetime of the involved atomic levels
must not exceed the coherence time

I huge number of channels
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A COMPLEMENTARY RESEARCH EFFORT

109 channels in the favored window!

�t ⇠ 1

�!
⇠ 0.13ms

✓
10�5eV

ma

◆
coherence time

�L ⇠ 1

�p
⇠ 20m

✓
10�5eV

ma

◆
coherence length

Detecting Axion Dark Matter

-                                        is a very small number but, oscillations allow for coherent detection!✓0 = 3.6 ⇥ 10�19

ma

! ' ma(1 + v2/2 + ...)

�! =
mav2

2

�!

!
⇠ 10�6

- Axion spectrum is not exactly monochromatic, non-zero velocity of DM in the galaxy -> finite width

frequency

- From fa ⇠ 1019 GeV fa ⇠ 108 GeVto 11 orders of magnitude in axion mass to scan ... 1017 channels in mass ....
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Excluded by Lab+Astro
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A BLOOMING OF TABLETOP-SCALE EXPERIMENTS

AXION-PHOTONOscillating 
neutron EDM/wind

CASPER-E ADMX, CAPP, ...

www.physicstoday.org August 2006    Physics Today 31

In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers

B

Single
photon
γ

Virtual
photon

Axion

MICROWAVE CAVITY

Figure 1. The Axion Dark
Matter Experiment at
Lawrence Livermore National
Laboratory is designed to
detect an axion by its decay
into a single, real
microwave photon in the
presence of a magnetic field
B. The experiment consists
of three basic components:
a powerful 8-tesla supercon-
ducting magnet, a high-Q
and tunable cavity, and an
ultrasensitive microwave
amplifier as the front end of
a radio receiver. The experi-
mental tower is shown here being withdrawn from the mag-
net and cryostat, which extends 4 meters below floor level.
The exposed disks are thermal shields to insulate the cavity
and detector electronics held at 1.5 K. The challenge is to
detect any slight excess in microwave photons in a narrow
peak above thermal and electronic noise during a search.
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B-field

Axion DM in a B-field

LI = �Ca�
↵
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source

- Axion photon coupling in a strong B-field becomes a source of E-field

- Four different techniques: 

DM Radio Cavities Dielectric haloscope Dish antenna
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AND MORE...

CASPER-wind,
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A BLOOMING OF TABLETOP-SCALE EXPERIMENTS

AXION-PHOTONOscillating 
neutron EDM/wind

CASPER-E ADMX, CAPP, ...

www.physicstoday.org August 2006    Physics Today 31

In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers

B

Single
photon
γ

Virtual
photon

Axion

MICROWAVE CAVITY

Figure 1. The Axion Dark
Matter Experiment at
Lawrence Livermore National
Laboratory is designed to
detect an axion by its decay
into a single, real
microwave photon in the
presence of a magnetic field
B. The experiment consists
of three basic components:
a powerful 8-tesla supercon-
ducting magnet, a high-Q
and tunable cavity, and an
ultrasensitive microwave
amplifier as the front end of
a radio receiver. The experi-
mental tower is shown here being withdrawn from the mag-
net and cryostat, which extends 4 meters below floor level.
The exposed disks are thermal shields to insulate the cavity
and detector electronics held at 1.5 K. The challenge is to
detect any slight excess in microwave photons in a narrow
peak above thermal and electronic noise during a search.
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QUAX
INTERACTION OF THE AXION FIELD WITH A MAGNETIZED SAMPLE

I axion-electron coupling
I the axion DM acts as as effective RF magnetic field on the electron spin
I the magnetized sample behaves as an RF receiver tuned at the Larmor frequency
I the equivalent magnetic RF field excites a transition in the magnetized sample −→ variation in the

magnetization

N

S

axion wind

L. M. Krauss, J. Moody, F. Wilczek, D.E. Morris, Spin coupled axion detections (1985)

R. Barbieri, M. Cerdonio, G. Fiorentini, S. Vitale, Phys. Lett. B 226, 357 (1989)

A.I. Kakhizde, I.V. Kolokolov, Sov. Phys, JETP 72 598 (1991)
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THE EXPERIMENTAL TECHNIQUE: EPR/ESR – FMR

Magnetic resonance arises when energy levels of a quantized system of electronic moments are Zeeman split
(⇐⇒ the magnetic system is placed in a uniform magnetic field B0 ) and the system absorbs EM radiation in the
microwave range.

An experimental geometry with crossed magnetic fields is needed:
I B0 along z
I a microwave field is applied to the xy plane

sum of two counter-rotating fields 2A cosωt = A(eiωt + e−iωt)

I resonance occurs when the Larmor precession of the magnetic moment
is synchronized with the clockwise or anticlockwise component

I no resonance occurs when the AC field is parallel to B0

!"#$%&'()*+,()-#.'(/($#))

•  0#).%12,#2)%3#)!"#$%&'()*+,()-#.'(/($#)),()4)
#5+#&,6#(%/").,%1/7'(.)8'&)%3#)6/9(#7:#2)./6+"#;))
–  8&##).+/$#)<&/2,/7'()2/6+,(9)+&'="#6>)
–  &8)$/?,%@)A,%3)3@=&,2,:/7'()'8)$/?,%@BC,D#")6'2#.))

<%3#&6/")+3'%'(.)+&'="#6>)
–  A/?#91,2#),()$1%'E))F$)G)FH)<1(2#&),(?#.79/7'(>)

!"#$%&'()*+,()-#.'(/($#)0!*-)'&)!1-2),(.,2#)/)6/9(#7$)6#2,/)<&8)&#$#,?#&>),.)%1(#2)=@)/()
#3%#&(/")4/5(#67,(5)8#"9)):;<)%3#)&8))I#"2):=)<'&%3'9'(/")%'):;>)),()%3#)>:7)&/(5#)#5$,%#.)%3#)
.+,()J,+)%&/(.,7'(.)/%)H/&6'&)&#.'(/($#)FH)K)?)1(2#&9')+&#$#..,'(L)

=)@))AB)CD)EFG)>:7)

H =

H1 cos(!t)

H1 sin(!t)

H0

!

"

#
#
#
#

$

%

&
&
&
&

:;)

:=)

?)

!"#$%&'()*+,()-#.'(/($#))

•  0#).%12,#2)%3#)!"#$%&'()*+,()-#.'(/($#)),()4)
#5+#&,6#(%/").,%1/7'(.)8'&)%3#)6/9(#7:#2)./6+"#;))
–  8&##).+/$#)<&/2,/7'()2/6+,(9)+&'="#6>)
–  &8)$/?,%@)A,%3)3@=&,2,:/7'()'8)$/?,%@BC,D#")6'2#.))

<%3#&6/")+3'%'(.)+&'="#6>)
–  A/?#91,2#),()$1%'E))F$)G)FH)<1(2#&),(?#.79/7'(>)

!"#$%&'()*+,()-#.'(/($#)0!*-)'&)!1-2),(.,2#)/)6/9(#7$)6#2,/)<&8)&#$#,?#&>),.)%1(#2)=@)/()
#3%#&(/")4/5(#67,(5)8#"9)):;<)%3#)&8))I#"2):=)<'&%3'9'(/")%'):;>)),()%3#)>:7)&/(5#)#5$,%#.)%3#)
.+,()J,+)%&/(.,7'(.)/%)H/&6'&)&#.'(/($#)FH)K)?)1(2#&9')+&#$#..,'(L)

=)@))AB)CD)EFG)>:7)

H =

H1 cos(!t)

H1 sin(!t)

H0

!

"

#
#
#
#

$

%

&
&
&
&

:;)

:=)

?)



INTRODUCTION AXION-FERMION AXION WIND TABLETOP QUAX AXIOMA

QUAX

6HDUFKLQJ $[LRQV WKURXJK FRXSOLQJ ZLWK VSLQ� WKH 48$; H[SHULPHQW

�QG :RUNVKRS RQ 0LFURZDYH &DYLWLHV DQG 'HWHFWRUV IRU $[LRQ 5HVHDUFK � //1/ QLFROR�FUHVFLQL#SKG�XQLSG�LW

)XWXUH GHYHORSPHQWV

,QFUHDVLQJ WKH SRZHU

,QFUHDVLQJ WKH VLJQDO UDWH⇒ LQFUHDVLQJ WKH YROXPH RI WKH VDPSOH

7KH XVH RI PXOWLSOH <,* VSKHUHV KDV EHHQ WHVWHG DW URRP WHPSHUDWXUH
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AXION-FERMION interaction

Axions are converted to:
I magnons in QUAX
I photons (VIS-NIR) in AXIOMA

I magnetized material with spin density 2× 1028 m−3 and FMR linewidth ∼ 150 kHz (τ2 ∼ 2µs)
I necessary magnetized sample volume ∼ 100 cm3 to be hosted in ∼ 50 GHz frequency cavities
I ∼ 106 Q-factor cavity/cavities
I ppm level uniformity and high stability of the 2 T magnetic field
I signal detection beyond SQL with linear amplifiers =⇒ single-photon microwave detectors
I 100 mK working temperature of the complete apparatus
I frequency tunability Phys. Dark Universe 15, 135141 (2017)
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RADIATION DAMPING

The dynamics of the magnetic sample is well described by its magnetization M, whose evolution is given

by the Bloch equations with dissipations and radiation damping.

The damping term related to τr affects the maximum allowed coherence hence the integration time of the

magnetic system with respect to the axion driving input.

7, 8, 12, 16 GHz rectangular cavitiesMICROWAVE CAVITY

COUPLED LOOPS

MATERIAL IN FREE SPACE
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RADIATION DAMPING

The dynamics of the magnetic sample is well described by its magnetization M, whose evolution is given

by the Bloch equations with dissipations and radiation damping.

The damping term related to τr affects the maximum allowed coherence hence the integration time of the

magnetic system with respect to the axion driving input.

7, 8, 12, 16 GHz rectangular cavitiesMICROWAVE CAVITY

COUPLED LOOPS

MATERIAL IN A CAVITY

dMx

dt
= γMyB0 −

Mx

τ2

dMy

dt
= γ(MzKI −MxB0)− My

τ2

dMz

dt
= −γK′IMy −

M0 −Mz

τ1

L
dI
dt

= K
dMx

dt
− RI − 1

C

∫ t
Idt + Vrf

N. Bloembergen and R. V. Pound, Phys. Rev. 95, 8 (1954)
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HYBRIDIZED MODE⇐⇒ STRONG COUPLING REGIME

In QUAX the axion interaction excites the magnon-photon oscillator

In the solutions for τr � τc we find the dynamics of two coupled oscillators with the
complex frequency of the two modes

ω± = ωL ±
1

2

√√√√ 4

τc

(
1

τ2
+

1

τr

)
−
(

1

τc
+

1

τ2

)2

and with the same decay time:

τ± = τ̄ =
(

1
τc

+ 1
τ2

)−1

CHAPTER 4

Characterization of the Hybridized System

In this chapter we characterize the hybridized system in the cavity-QED framework by means of
microwave network analysis, in order to set the optimal experimental conditions for the investigation
of the photoinduced opto-magnetic phenomenon. The characterization is performed in the frequency
domain through measurements of the S-coefficients, which describe the behaviour of the system in
terms of reflection and transmission of microwave signals. The transmission analysis allows to study
the hybridezed modes and to examine the influence of the sample properties on the coupling regime,
and the reflection coefficient allows to set the least perturbative detection condition at which the
radiated power can be measured during the opto-magnetic excitation.

4.1 Experimental Setup
The experimental apparatus for the study of the hybridized system is pictorially shown in figure 4.1(a).

Figure 4.1: (a) Experimental set up. (b) Microwave magnetic field lines of the cavity TE102 mode.

We have analyzed the coupling regimes that take place in a microwave cavity with a 2mm YIG
sphere and of a 1.8mm-diameter, 2.7mm-length YIG cylinder. The sphere is glued to an alumina
(aluminum–oxide) rod that identifies the crystal axis [110] , while the cylinder is sustained by a support
of the same material as illustrated in fig. 4.2.
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Real part of the transmission function of the standard input-output
formalism:

S21(ω) '
1

i(ω − ωc)− kc
2 +

|gm|2
i(ω−ωm)−km/2

kc = 1/τc (cavity), km = 1/τ2 (FMR)
kh = 1

2 (kc + km) hybridized mode width
gm coupling strength

Phys. Rev. Lett. 118, 107205 (2017)
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AXION DETECTION IN RE-DOPED CRYSTALS

AXION-FERMION interaction

Axions are converted to:
I magnons in QUAX
I photons (VIS-NIR) in AXIOMA
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I axion-induced transitions take place between Zeeman-split
ground state levels in rare-earth doped materials

I transitions involve electrons in the 4f shell
I a tunable laser pumps the excited atoms to a fluorescent level
I crystal immersed in LHe and superfluid He



INTRODUCTION AXION-FERMION AXION WIND TABLETOP QUAX AXIOMA

ENERGY LEVEL DIAGRAM OF RE3+ IN LaCl3

616 Part C Coherent and Incoherent Light Sources
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Fig. 11.29 Energy level diagrams of trivalent rare earth ions of RE3+ in LaCl3 (“Dieke-diagram”) [11.37]
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Fig. 11.29 Energy level diagrams of trivalent rare earth ions of RE3+ in LaCl3 (“Dieke-diagram”) [11.37]
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INTRODUCTION AXION-FERMION AXION WIND TABLETOP QUAX AXIOMA

AXION DETECTION IN SOLID CRYSTALS OF INERT GASES AXION-FERMION interaction

Axions are converted to:
I magnons in QUAX
I photons (VIS-NIR) in AXIOMA

(b)

 B = 0

PUMP LASER

fluorescence(a)
4f N electron valence electron 

ionization

 B = 0

PUMP LASER

e-

I axion-induced transitions take place between Zeeman-split
ground state levels in alkali-doped solid crystals of inert gases

I a tunable UV laser pumps ionizes the excited alkali atom
I transitions involve valence electrons
I single electron detection (MCPs)
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AXION DETECTION IN RE-DOPED MATERIALS
For one mole of target atoms (RE-dopant) in the ground state |0〉, the transition rate to the level |i〉 by axion absorption on resonance
(P. Sikivie PRL (2016))

NARi = 8.5× 10−3
(

ρa

0.4 GeV/cm3

)( Ea

330µeV

)2
g2

i

(
v2

10−6c2

)(min(t, τ, τ∇a)

10−6 s

)
Hz

where Ri is the transition rate of a single target atom, NA is the Avogadro number, Ea = hνa is the axion energy

→ spectroscopic properties at “high” RE concentration (0.1 %, i.e. > 1019 axion target electrons/cm3)
in ∼ 1 l- active volume

(b)

 B = 0

~1 meV

PUMP LASER

VIS-NIR photons(a)

Er:YLF

N

S
quartz rod M 

F 

PD/PMT 
|0>

|i>

E x 10-3(cm-1)

10

4I15/2

4I11/2

4I13/2

4I9/2(c)

0

pump laser 

~8
09

  n
m

~2
75

0 
nm

~1
50

0 
nm

~9
88

 n
m

LHe
LN

the linewidth of the transition driven by the laser
must be narrower than the energy difference
between the atomic levels |0〉 and |i〉

4I15/2, 5/2

4I9/2, 9/2

1  

4  

3  2  

1  

2  

3  

4  

809.029 nm

808.996 nm

808.990 nm
808.955 nm

B = 0  B = 370 mT  

(a)

(c)

(b)

B = 0  
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AXION DETECTION IN RE-DOPED MATERIALS: WORKING T

fundamental noise limit→ thermal excitation of the
Zeeman excited level

NARt = n̄/τ

n̄ = NA exp (−Ea/kT) average number of excited ions in
the energy level Ea
SNR= 3, statistically significant number of counts
within tm = 1 h
→ thermal excitation rate Rt = 6× 10−3 Hz

τ = 1 ms level lifetime→ n̄ 6 5 · 10−6

Axions with mass greater than 80 GHz can be searched,
provided the active crystal is cooled down to at least
57 mK.

=⇒ ultra-cryogenic (T ∼ 100 mK) optical apparatus

Laser-related backgrounds (∼ 10 W/cm2)?

4I9/2, 9/2

4I15/2, 15/2

]17 cm-1

0
200
400
600
800

1000

0 5 10 15 20 25 30 35

LIF
 (m

V)

I (W/cm2)

The pump laser does not affect the thermal population
of the Zeeman excited level at least up to a few W/cm2

intensity
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THE QUAX AND AXIOMA COLLABORATIONS

Phys. Dark Universe 15, 135141 (2017)→ the QUAX proposal
Phys. Rev. Lett. 118, 107205 (2017)→magnon-photon mode and calibration
arxiv.org/abs/1707.06103v1 (2017)→ atomic transitions in RE-doped crystals
New J. Phys. 17 113025 (2015)→molecular transitions
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