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All of axion dark matter in 45 minutes  
from an experimenter’s perspective. Talk outline:"

What’s an axion? Where did it come from? What does it have to 
do with dark matter? (Briefly, covered earlier.)"

"
Axion mass and couplings. (Where to look.)"

"Why the emphasis on the two-photon coupling?"
"Theory (constrains low mass) and experiment (high mass)."

"
Searches: Overview of current limits."
"
Current initiatives (not complete): Cavities, Lasers, Solar."

"1. The RF-cavity technique"
" "Device technology: Quantum electronics, squeezed states"
"2. Laser techniques (“shining light through walls”)"
"3. Solar-axion searches"

"
Futurism: Experiment & theory challenges."
"
Summary and prospects"



Dark-matter axions address the big question: 
We’ve inventoried the cosmos (the famous pie chart) …"

… but we know neither what the “dark energy” or the “dark 
matter” is. These are two of the very big questions."

Science (20 June 2003)"



What’s an axion? (1) 
Covered in earlier talks (c.f., Sandick & Gondolo)"

There’s something disturbing about the Standard Model:"
The Standard Model violates P and CP, we expect QCD to violate P and 
CP, yet QCD does not."
"
For instance, Why doesn’t the neutron have an electric dipole moment?"
"
"
"
"
"
Leads to the “Strong CP Problem”: Where did QCD CP violation go?"
"
1977: Peccei and Quinn: Apply Higgs-like physics to the problem:"
Posit a hidden broken U(1) symmetry ⇒"
1) A new Goldstone boson (the axion);"
2) Remnant axion VEV nulls QCD CP violation."
"
Simple & Elegant"

Where did it come from? The “QCD Axion”"

θQCD < 10-9"



The a→γγ coupling is special"

Compare, e.g., axion bremstrahlung off an electron"
to the axion decay into photons"

bremstrahlung"

decay"

Few parameters, small residual model dependence:"
Experimenters and funding agencies like this."
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Axions in string theory
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Abstract: In the context of string theory, axions appear to provide the most plausible

solution of the strong CP problem. However, as has been known for a long time, in many

string-based models, the axion coupling parameter Fa is several orders of magnitude higher

than the standard cosmological bounds. We re-examine this problem in a variety of models,

showing that Fa is close to the GUT scale or above in many models that have GUT-like

phenomenology, as well as some that do not. On the other hand, in some models with

Standard Model gauge fields supported on vanishing cycles, it is possible for Fa to be well

below the GUT scale.

Keywords: Superstring Vacua, QCD.
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It’s true in string theory as well."

???"

(3/8)-1 “GUT” axion"



What’s an axion? (2): “Cut to the chase”"

10

Viable Theories Natural and Elegant Theories

Theories
with dark 

matter
axions

weak CPV without 
strong CPV, 
baryogenesis without 
nonminimal flavor and CP 
Violation
other dark matter
other quantum gravity than 
string theory (or mechanism 
to avoid string theory axions)
….

No CPV, 
large EDMs, 
MFV but no 
baryogenesis….

10Wednesday, April 25, 2012

A. Nelson"



What’s an axion? Summary properties"



Recap: Axions and dark matter"

Some properties of dark matter:"
Almost no interactions with normal matter and radiation (“dark…”);"
Gravitational interactions (“…matter”);"
Cold (slow-moving in the early universe);"
"
Low mass axions are an ideal dark matter candidate:"
   “Axions: the thinking persons DM candidate,” Michael Turner."
"
Plus…"
The axion mass is constrained to 1 or 2 orders-of-magnitude;"
Some axion couplings are constrained to 1 order-of-magnitude;"
The axion is doubly-well motivated…it solves 2 problems (Occam’s razor)."



Selected limits on dark-matter axion masses and couplings"

SN1987A"

Focus on:"
"
RF-cavity"
Solar"
Laser"



RF-cavity experiments. 
RF-cavity experiments exploit the axion’s 2-photon coupling"

The axion couples (very weakly, indeed) to normal particles."
(µeV mass axions would live around 1050 seconds.)"
"
But it recall the axion 2γ coupling has relatively little axion-model dependence"

Axions constituting our local galactic halo 
would have huge number density ~1014 cm-3"

gaγγ	

	




RF-cavity axion search: Dark-matter axions and 
electromagnetic fields exchange energy"

The search speed is"
quadratic in 1/Ts"



ADMX: Axion Dark-Matter eXperiment"

Magnet with insert" Magnet cryostat"

U. of Washington, LLNL, U. of Florida, U.C. Berkeley,!
          National Radio Astronomy Observatory,!
             U. of Virginia, Sheffield U., Yale U.!

Gray Rybka     Fermilab Astroparticle Physics Seminar     10/11/2010

 

11/46

ADMX Design

Cavity Frequency changed by moving
metal rods (not shown) inside cavity

4m



ADMX hardware (1)"
High-Q microwave cavity" Experiment insert"



ADMX hardware (2)"

Vacuum and cryo"

Gray Rybka – Patras 2011 – Mykonos, Greece – June 27, 2011 9/13

ADMX Comes to UW

August 2010:
ADMX Moves to UW

October 2010:
Main Magnet Verified

May 2011:
Main Magnet Installed
in Experiment Area (CENPA)

Cryostat lowered at"
the U. of Washington"



Converted microwave photons are detected by  
the world’s quietest radio receiver"

Now: Systematics-limited for signals of 10-26 W"
~10-3 of “DFSZ” axion power (1/100 yoctoWatt).	




Breakthrough: (J. Clarke/UCBerkeley) 
Quantum-limited SQUID-based microwave amplification"

• SQUIDs have 
been measured 
with TN ~ 50 mK  
"

• Near quantum– 
limited noise"

• This provides 
the enormous 
increase in 
ADMX sensitivity	




ADMX SQUID-based detector"

Field compensation!
magnet for SQUIDs!

All new 
experiment 
package!

SQUID!
amplifier!



ADMX: SQUID amplifier"

SQUID microwave amplifier"

calibration (about 100 yoctowatts)"



What would a signal look like in ADMX?"

Frequency (MHz)
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Possible ADMX Sensitivity with dilution-refrigerator cooling"
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Supernova Bound

Dilution refrigerator cooled detectors allow scanning at or below 
DFSZ sensitivity at fractional dark-matter halo density."

This defines a “definitive” QCD dark-matter axion search!



Can the RF-cavity experiments do better? 
Higher frequencies, higher Q, squeezed states? 
Active R&D paths."

higher-frequency "
quantum-limited SQUIDs"

“hybrid” superconducting "
cavities (Yale group)"

RF-Driven Josephson Bifurcation Amplifier for Quantum Measurement

I. Siddiqi, R. Vijay, F. Pierre, C. M. Wilson, M. Metcalfe, C. Rigetti, L. Frunzio, and M. H. Devoret
Departments of Applied Physics and Physics, Yale University, New Haven, Connecticut 06520-8284, USA

(Received 11 February 2004; published 10 November 2004)

We have constructed a new type of amplifier whose primary purpose is the readout of super-
conducting quantum bits. It is based on the transition of a rf-driven Josephson junction between two
distinct oscillation states near a dynamical bifurcation point. The main advantages of this new amplifier
are speed, high sensitivity, low backaction, and the absence of on-chip dissipation. Pulsed microwave
reflection measurements on nanofabricated Al junctions show that actual devices attain the perform-
ance predicted by theory.

DOI: 10.1103/PhysRevLett.93.207002 PACS numbers: 85.25.Cp, 05.45.–a

Quantum measurements of solid-state systems, such as
the readout of superconducting quantum bits [1–7], chal-
lenge conventional low-noise amplification techniques.
Ideally, the amplifier for a quantum measurement should
minimally perturb the measured system while maintain-
ing sufficient sensitivity to overcome the noise of subse-
quent elements in the amplification chain. Additionally,
the drift of materials properties in solid-state systems
mandates a fast acquisition rate to permit measurements
in rapid succession. To meet these inherently conflicting
requirements, we propose to harness the sensitivity of a
dynamical system—a single rf-driven Josephson tunnel
junction—tuned near a bifurcation point. In this new
scheme, all available degrees of freedom in the dynami-
cal system participate in information transfer and none
contribute to unnecessary dissipation resulting in excess
noise. The superconducting tunnel junction is the only
electronic circuit element that remains nonlinear and
nondissipative at arbitrary low temperatures. As the key
component of present superconducting amplifiers [8–10],
it is known to exhibit a high degree of stability.

The operation of our Josephson bifurcation amplifier
(JBA) is represented schematically in Fig. 1. The central
element is a Josephson junction whose critical current I0
is modulated by the input signal using an application-
specific coupling scheme, such as a SQUID loop (see
inset of Fig. 1) or a superconducting single-electron tran-
sistor (SSET) like in superconducting charge qubits (in-
put port). The junction is driven with a sinusoidal signal
irf sin!!t" fed from a transmission line through a circu-
lator (drive port). In the underdamped regime, when the
drive frequency ! is detuned from the natural oscillation
frequency !p, the system can have two possible oscilla-
tion states that differ in amplitude and phase [11,12].
Starting in the lower amplitude state, at the bifurcation
point irf # IB $ I0, the system becomes infinitely sensi-
tive, in absence of thermal and quantum fluctuations, to
variations in I0. At finite temperature, sensitivity scales
as kBT=’0, where ’0 # "=2e is the reduced flux quantum
and T the temperature. The reflected component of the
drive signal, measured through another transmission line

connected to the circulator (output port), is a convenient
signature of the junction oscillation state that carries with
it information about the input signal. This arrangement
minimizes the backaction of the amplifier since the only
fluctuations felt at its input port arise from the load
impedance of the circulator, which is physically sepa-
rated from the junction via a transmission line of arbi-
trary length and can therefore be thermalized efficiently
to base temperature. In this Letter, we present an experi-
ment that demonstrates the principle of bifurcation
amplification.

The dynamics of the junction are described by the time
evolution of the junction gauge-invariant phase differ-
ence !!t" # Rt

%1 dt02eV!t0"= !h, where V is the voltage
across the junction. In presence of the microwave drive
irf sin!!t", the oscillations of the junction phase can be
parameterized using in-phase and quadrature-phase com-
ponents !!t" # !k sin!!t" & !? cos!!t" (higher harmon-
ics of oscillation are negligible). When the detuning
" # !1%!=!p" and the quality factor Q # !pRC sat-
isfy "Q>

!!!

3
p

=2, then two steady-state solutions can exist
for !!t" (see Fig. 2). Here !p # !2eI0= !hC"1=2 is the junc-
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JBA

FIG. 1. Schematic diagram of the Josephson bifurcation
amplifier. A junction with critical current I0, parametri-
cally coupled to the input port, is driven by a rf signal
which provides the power for amplification. In the vicinity of
the dynamical bifurcation point irf # IB, the phase of the
reflected signal phase # depends critically on the input signal.
Inset: example of a parametric input coupling circuit.
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new amplifier technologies"

higher-frequency, large volume"
resonant structures"

2

storage
 cavity

transmon and

flux bias

meas 
cavity

a

b
1 mm

100 !m

FIG. 1. Circuit schematic and device. a, Circuit schematic
showing two cavities coupled to a single transmon qubit. The
measurement cavity is probed in reflection by sending mi-
crowave signals through the weakly coupled port of a direc-
tional coupler. A flux bias line allows for tuning of the qubit
frequency on nanosecond timescales. b, Implementation on a
chip, with ⇥m/2� = 6.65GHz measurement cavity on the left
and its large coupling capacitor (red), and ⇥s/2� = 5.07GHz
storage cavity on the right with a much smaller coupling ca-
pacitor (blue). A transmon qubit (green) is strongly coupled
to each cavity, with gs/2� = 70MHz and gm/2� = 83MHz.
It has a charging energy EC/2� = 290MHz and maximal
Josephson energy EJ/2� ⇥ 23GHz. At large detunings from
both cavities, the qubit coherence times are T1 ⇥ T2 ⇥ 0.7µs.

ties, with finger capacitors controlling the individual cou-
pling strengths (gs/2� = 70MHz and gm/2� = 83MHz).
The usual shunt capacitor between the transmon islands
is replaced with capacitors to the ground planes to re-
duce direct coupling between the cavities. Additionally,
a flux bias line17 allows fast control of the detunings
�s = ⇤g,e � ⇤s and �m = ⇤g,e � ⇤m between the trans-
mon and cavities, where we use the convention of labeling
the transmon states from lowest to highest energy as (g,
e, f , h, ...).

To achieve high photon number selectivity of the
CNOT operations, there must be a large separation be-
tween the number-dependent qubit transition frequen-
cies. To obtain this, we use small detunings (�s/gs < 10)
between the qubit and storage cavity. Figure 2 shows
spectroscopy in this quasi-dispersive regime as a func-
tion of flux bias when the storage cavity is populated
with a coherent state (⇧n̂⌃ ⇥ 1). Results of a numerical
energy-level calculation are overlaid, showing the posi-
tions of various transitions. We define ⇤n

g,e as the photon
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FIG. 2. Pulsed spectroscopy with coherent state in storage
cavity (⌅n⇧ ⇥ 1) vs. qubit-cavity detuning �s = ⇥g,e � ⇥s.
Calculated transition frequencies are overlaid in color. Red
and orange lines are the |g⇧ ⇤ |e⇧ transitions of the qubit
when n = 0 and 1, respectively. Transitions to higher trans-
mon levels (|f⇧ and |h⇧) are visible because of the small de-
tuning. The arrow indicates the flux bias current used during
the CNOT operations.

number-dependent transition frequency |n, g⌃ ⇤ |n, e⌃.
Other transitions, such as |2, g⌃ ⇤ |0, h⌃, are allowed due
to the small detuning. Fortunately, we also see that the
separation between ⇤0

g,e and ⇤1
g,e grows rapidly to order

⇥ 2g = 140MHz as the qubit approaches the storage
cavity.
To test the photon meter, we generate single photons

in the storage cavity with an adiabatic protocol. Our
method uses the avoided crossing between the |0, e⌃ and
|1, g⌃ levels to convert a qubit excitation into a photon.
The preparation of a photon begins with the qubit de-
tuned below the storage cavity (�s ⌅ �3gs), where we
apply a �-pulse to create the state |0, e⌃. We then adi-
abatically tune the qubit frequency through the avoided
crossing with the storage cavity, leaving the system in the
state |1, g⌃. The sweep rate is limited by Landau-Zener
transitions which keep the system in |0, e⌃. Our prepara-
tion protocol changes the qubit frequency by 600 MHz in
50 ns, giving a transition probability less than 0.1% (cal-
culated with a multi-level numerical simulation). This
protocol actually allows for the creation of arbitrary su-
perpositions of |0, g⌃ and |1, g⌃ by changing the rota-
tion angle of the initial pulse. For example, if we use
a �/2-pulse, after the sweep we end up in the state
(|0, g⌃+ei�|1, g⌃)/

⌥
2, where ⇥ is determined by the rota-

tion axis of the �/2-pulse. One could also use a resonant
swap scheme, which has been successfully used to create
Fock states9 up to |n = 15⌃. The method used here has
the advantage of being very robust to timing errors.
After the photon is prepared, the qubit frequency is

adjusted such that �s/gs ⌅ 5. At this detuning, the sep-
aration between ⇤0

g,e and ⇤1
g,e is ⇥ 65MHz. In Fig. 3(a),

Quantum Non-demolition Detection of Single Microwave Photons in a Circuit

B. R. Johnson,1 M. D. Reed,1 A. A. Houck,2 D. I. Schuster,1 Lev S. Bishop,1 E. Ginossar,1

J. M. Gambetta,3 L. DiCarlo,1 L. Frunzio,1 S. M. Girvin,1 and R. J. Schoelkopf1

1Departments of Physics and Applied Physics, Yale University, New Haven, CT 06511, USA
2Department of Electrical Engineering, Princeton University, Princeton, NJ 08544, USA

3Institute for Quantum Computing and Department of Physics and Astronomy,
University of Waterloo, Waterloo, ON, Canada, N2L 3G1

(Dated: March 12, 2010)

Thorough control of quantum measurement is
key to the development of quantum information
technologies. Many measurements are destruc-
tive, removing more information from the sys-
tem than they obtain. Quantum non-demolition
(QND) measurements allow repeated measure-
ments that give the same eigenvalue1. They could
be used for several quantum information process-
ing tasks such as error correction2, preparation
by measurement3, and one-way quantum comput-
ing4. Achieving QND measurements of photons is
especially challenging because the detector must
be completely transparent to the photons while
still acquiring information about them5,6. Recent
progress in manipulating microwave photons in
superconducting circuits7–9 has increased demand
for a QND detector which operates in the giga-
hertz frequency range. Here we demonstrate a
QND detection scheme which measures the num-
ber of photons inside a high quality-factor mi-
crowave cavity on a chip. This scheme maps a
photon number onto a qubit state in a single-
shot via qubit-photon logic gates. We verify the
operation of the device by analyzing the aver-
age correlations of repeated measurements, and
show that it is 90% QND. It di�ers from previ-
ously reported detectors5,8–11 because its sensitiv-
ity is strongly selective to chosen photon number
states. This scheme could be used to monitor the
state of a photon-based memory in a quantum
computer.

Several teams have engineered detectors which are sen-
sitive to single microwave photons by strongly coupling
atoms (or artificial atoms) to high-Q cavities. This archi-
tecture, known as cavity quantum electrodynamics (cav-
ity QED), can be used in various ways to detect pho-
tons. One destructive method measures quantum Rabi
oscillations of an atom or qubit resonantly coupled to the
cavity8–10. The oscillation frequency is proportional to⇥
n, where n is the number of photons in the cavity, so

this method essentially measures the time-domain swap
frequency.

Another method uses a dispersive interaction to map
the photon number in the cavity onto the phase di�er-
ence of a superposition of atomic states (|g�+ei�|e�)/

⇥
2.

Each photon number n corresponds to a di�erent phase
⌅, so repeated Ramsey experiments5 can be used to es-
timate the phase and extract n. This method is QND,
because it does not exchange energy between the atom
and photon. However, since the phase cannot be mea-
sured in a single operation, it does not extract full in-
formation about a particular Fock state |n� in a single
interrogation. Nonetheless, using Rydberg atoms in cav-
ity QED, remarkable experiments have shown quantum
jumps of light and the collapse of the photon number by
measurement.5,12

Here we report a new method which implements a set
of programmable controlled-NOT (CNOT) operations
between an n-photon Fock state and a qubit, asking the
question “are there exactly n photons in the cavity?” A
single interrogation consists of applying one such CNOT
operation and reading-out the resulting qubit state. To
do this we use a quasi-dispersive qubit-photon interac-
tion which causes the qubit transition frequency to de-
pend strongly on the number of photons in the cavity.
Consequently, frequency control of a pulse implements a
conditional ⇤ rotation on the qubit – the qubit state is
inverted if and only if there are n photons in the storage
cavity. To ensure that this is QND, the qubit and stor-
age cavity are adiabatically decoupled before performing
a measurement of the qubit state.

To realize this method we extend circuit-based cav-
ity QED13 by coupling a single transmon qubit14,15 si-
multaneously to two cavities. This allows one cavity to
be optimized for fast readout and the other for coher-
ent storage of photons. Related work by Leek et al. 16

realized a single transmon coupled to two modes of a sin-
gle cavity, where the the two modes were engineered to
have very di�erent quality factors. A schematic of the
two-cavity device is shown in Fig. 1(a). A high-Q cav-
ity serves as a photon memory for preparation and stor-
age, and a low-Q cavity is used for fast readout of the
qubit. The cavities are realized as Nb coplanar waveg-
uide resonators with ⇥/2 resonances at ⇧s/2⇤ = 5.07GHz
and ⇧m/2⇤ = 6.65GHz, respectively. The cavities are
engineered, by design of the capacitors Cs and Cm, to
have very di�erent decay rates (�s/2⇤ = 50 kHz and
�m/2⇤ = 20MHz) so that the qubit state can be mea-
sured several times per photon lifetime in the storage
cavity. A transmon qubit is end-coupled to the two cavi-
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Better receivers? Rydberg-atom-based axion detector"



CARRACK: Cosmic Axion Research with Rydberg 
Atoms in resonant Cavities in Kyoto"



RF-Cavity Futurism"

ADMX “Phase IIa”: microwave amplification via SQUID amplifiers."
"In process of installing 3He & dilution refrigerator:"
"“Definitive” search in 1st mass decade."

"
ADMX “Gen 2”:"

"Higher masses via, e.g., microwave “photonic bandgap” cavities."
"“Definitive” search in 2nd mass decade."

"
Kyoto: Rydberg-atom photon detector."
"
Yale: R&D on higher frequency structures & single-photon microcavities."
"
Korea: Possible large RF-cavity system as part of their dark-matter center."
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CAST: CERN Axion Solar Telescope. 
Searching for axions produced in the Sun."

0 2 4 6 8 10 
E (keV) 0 

2 × 10 14 

4 × 10 14 

6 × 10 14 

8 × 10 14 

m
 

c - 2
 c e s - 1 

V
 

e k - 
1 Axions from the sun become x-rays inside a  "

       spare LHC dipole magnet"



CAST Technology"
State-of-the-art x-ray detection borrowed from astrophysics"

Micromegas"
x-ray camera"

Grazing-incidence"
x-ray optics"



CAST Search Range"

They are conceptualizing IAXO: a next-generation helioscope."
   Larger magnetic field volume"
   Better x-ray optics."
   Lower backgrounds."



Helioscope Futurism"

IAXOIAXO magnetmagnet: 1st concept: 1st conceptIAXO IAXO magnetmagnet: 1st concept: 1st concept
Total R = 2 m
Bore diameter = 600 mm
N bores = 8
Average B in bore = 4 T 

(in critical surface)
MFOM = 770MFOM  770

�� IAXO IAXO scenarioscenario 2 2 conservativeconservative
�� SurpassSurpass IAXO IAXO scenarioscenario 3 3 isis

possiblepossible
�� FurtherFurther optimizationoptimization ongoingongoing See talk�� FurtherFurther optimizationoptimization ongoingongoing

Igor G. Irastorza / Universidad de 
Zaragoza

26

See talk
I. Shilon
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Laser Axion Searches"

e.g., GammeV at FNAL"



Laser Axion Searches: Sensitivity"

e.g., GammeV at FNAL"



Laser axion search: future experiments"

Add pair of phase-locked, high finesse optical cavities"

Durham – Jul2009

Requirements

• Laser must be “locked” to production cavity.

• Regeneration cavity must be locked to resonance of 
production cavity without filling it with light at the laser 

wavelength.

• Cavities must be aligned on mirror image modes (as if 

inner mirrors and wall were not present).

• Need sensitive readout of weak emission from 

regeneration cavity. 

Matched Fabry-Perots

IO
Laser

MagnetMagnet

Detectors

Sensitivity would be about that from astrophysical"
bounds (red giant, white dwarf, solar)"



Laser futurism"

REAPR Requirements 

•  Optimize magnetic field length 
•  High finesse cavities 
•  Cavities locked to each other with no 

leakage from the generation cavity 
•  Need sensitive photon detection 

4/24/12 W. Wester, Fermilab, Vistas in Axions 23 

Talk by P. Mazur 

Talk by D. Tanner 



An Experimental Scenario: 
Focus on Three Key Technologies"

cavity: next year"

cavity: 3-year"

cavity: challenging"

helioscope: current"

helioscope: 10-year"

Laser: current"

Laser: locked FP"



Ideas to broaden the mass reach include …"
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The meV mass frontier of axion physics

Georg G. Raffelt,1 Javier Redondo,1 and Nicolas Viaux Maira2

1Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Föhringer Ring 6, 80805 München, Germany
2Departamento de Astronomı́a y Astrof́ısica, Pontificia Universidad Católica de Chile,

Av. Vicuña Mackenna 4860, 782-0436 Macul, Santiago, Chile.
(Dated: 19 August 2011)

We explore consequences of the idea that the cooling speed of white dwarfs can be interpreted in
terms of axion emission. In this case the Yukawa coupling to electrons has to be gae ∼ 1 × 10−13,
corresponding to an axion mass of a few meV. Axions then provide only a small fraction of the cosmic
cold dark matter, whereas core-collapse supernovae release a large fraction of their energy in the form
of axions. We estimate the diffuse supernova axion background (DSAB) in the universe, consisting
of 30 MeV-range axions with a radiation density comparable to the extra-galactic background light.
The DSAB would be challenging to detect. However, axions with white-dwarf inspired parameters
can be accessible in a next generation axion helioscope.

PACS numbers: 14.80.Va, 97.20.Rp, 97.60.Bw, 98.70.Vc

I. INTRODUCTION

The Peccei-Quinn (PQ) mechanism remains perhaps
the most compelling explanation for the absence of CP-
violating effects from the QCD vacuum structure [1–3].
An unavoidable consequence is the existence of the ax-
ion, the Nambu-Goldstone boson of a new U(1)PQ sym-
metry. Axions acquire a mass ma ∼ mπfπ/fa by their
mixing with neutral mesons, where mπ = 135 MeV and
fπ = 92 MeV are the pion mass and decay constant,
and fa is a large energy scale related to the sponta-
neous breaking of U(1)PQ. Axions generically interact
with hadrons and photons. They may also interact with
charged leptons, the DFSZ model [4] being a generic case.
All interactions are suppressed by f−1

a , so for large fa, ax-
ions are both very light and very weakly interacting. Re-
actor and beam-dump experiments require ma

<∼ 30 keV
[3], while precision cosmology excludes the ma range
1 eV–300 keV [5]. Sub-eV mass axions would still be
copiously produced in stars. The cooling of white dwarfs
(WDs), neutron stars and supernova (SN) 1987A pushes
the limits to ma

<∼ 10 meV [6], i.e. fa >∼ 109 GeV. We
here explore the impact of axions near this limit, i.e. the
meV frontier of axion physics.
This range is complementary to the other extreme of

the allowed axion window. During the QCD epoch of
the early universe, the axion field gets coherently ex-
cited, generating a cold dark matter (CDM) fraction of
ρa/ρCDM ∼ Θ2

i (10 µeV/ma)1.2 [7], where Θi = ai/fa
is the initial “misalignment angle” relative to the CP-
conserving value. For Θi ∼ 1, axions with ma ∼ 10 µeV
(fa ∼ 1012 GeV) provide all of CDM and can be detected
in the ADMX experiment [8]. If the reheating temper-
ature after inflation was large enough to restore the PQ
symmetry, our visible universe emerges from many do-
mains and an average 〈Θ2

i 〉 ∼ π2/3 has to be used. In
this case, axions also emerge from the decay of topolog-
ical defects and the CDM density could correspond to
ma as large as a few 100 µeV [9]. Either way, meV-mass
axions provide only a subdominant CDM component.

II. COOLING OF COMPACT STARS

The most restrictive astrophysical limits on those ax-
ion models that couple to charged leptons arises from
WDs. An early study used the WD cooling speed, as
manifested in their luminosity function, to derive a limit
on the axion-electron coupling of gae <∼ 4 × 10−13 [10].
In the early 1990s it became possible to test the cool-
ing speed of pulsating WDs, the class of ZZ Ceti stars,
by their measured period decrease Ṗ /P . In particular,
the star G117-B15A was cooling too fast, an effect that
could be attributed to axion losses if gae ∼ 2×10−13 [11].
Over the past twenty years, observations and theory have
improved and the G117-B15A cooling speed still favors
a new energy-loss channel [12]. What is more, the WD
luminosity function also fits better with axion cooling if
gae = 0.6–1.7× 10−13 [13].
While complete confidence in this intriguing interpre-

tation is certainly premature (perhaps even in the need
for a novel WD cooling itself), the required axion pa-
rameters are very specific, motivating us to explore other
consequences based on the WD benchmark.
Axion cooling of SNe has been widely discussed in the

context of SN 1987A [6, 14–16]. The 10 s duration of
the neutrino burst supports the current picture of core
collapse and cooling by quasi-thermal neutrino emission
from the neutrino sphere. New particles that are more
weakly interacting than neutrinos, such as the axions dis-
cussed here, can be produced in the inner SN core, leave
unimpeded, and in this way drain energy more efficiently
than neutrinos, which can escape only by diffusion. The
SN 1987A neutrino burst duration precludes a dominant
role for axions. Quantitatively, this argument depends on
the model-dependent axion-nucleon couplings, the uncer-
tain emission rate from a dense nuclear medium, and on
sparse data. As we shall see, the limit does not preclude
the WD interpretation, but a SN would lose a significant
fraction of its energy in the form of axions.
The speed of neutron-star cooling as measured by the

surface temperature of several pulsars [17] is another pos-
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It isn’t crazy to think about detecting neV axion"
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FIG. 2: The molecules are polarized by an external electric field ⇤Eext � 100 kV
cm . They are then placed in a linear

superposition of the two states |�L⇥a and |�L⇥o, where the nuclear spin is either aligned or anti-aligned with the

molecular axis respectively, leading to a phase di⇥erence between them in the presence of the axion induced nuclear

dipole moment dn. The external magnetic field ⇤Bext � 0.1 T
�

fa
MGUT

⇥
causes the spins to precess, so that the phase

di⇥erence can be coherently accrued over several axion oscillations. The frequency can be scanned by dialing this

magnetic field ⇤Bext until it is resonant with the axion frequency.

field. When the precession frequency matches the axion frequency, a phase shift will be continually accrued

over several axion oscillations. After interrogation for a time T , the phase shift in the experiment (using

the energy shift �E from (11)) is

�⇥ = �E T � 10�10

⇤
T

1 s

⌅ ⇤
�E

10�25 eV

⌅
(13)

This relative phase between the two spin states |�L⇥a and |�L⇥o can then be measured.
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Theory challenges going forward (1) include"

e.g, White dwarfs:"
Can we understand their cooling?"

Isern et al., 2012"

Figure 1: White dwarf luminosity function. The solid lines represent the models obtained with
(up to down) gaee/10−13 = 0, 2.2, 4.5 respectively.

with an estimated proper motion correction Π̇ = −(7.0±0.2)×10−16 s/s. Theoretical predictions
[8] indicate that this star should experience a secular drift of only Π̇ = 1.2× 10−15 s/s. Similar
values (Π̇ = 1.92 × 10−15 s/s or Π̇ = 2.98 × 10−15 s/s depending on the adopted mass of
the envelope) have been independently obtained [9]. These results suggest that white dwarfs
are cooling faster than expected (it important to confirm this statement by measuring this
drift in other stars). There are three possible reasons for this. i) An observational error.
This measurement is difficult and it has been obtained by only one team on just one star.
Although the measurement tends to stabilize, it suffered strong fluctuations in the past [10].
ii) A modelling error. Models have been noticebly improved during the last ten years and the
two independent models computed up to now [8, 9] are in a qualitative agreement. iii) An
additional sink of energy is responsible of the accelerated cooling rate [3].

Under the conditions of temperature and density in the interior of G117-B15A, the axion
emission rate is dominated by electron bremsstrahlung (only the DFSZ axion model) that
behaves as ε̇ax ∝ g2aeeT

4
7 erg/g/s, where T7 is the temperature in units of 107 K and gaee is the

strength of the axion–electron Yukawa coupling [11]. Thus it is possible to include the axion
emissivity in Eq. (1) and adjust gaee to fit the observed values. The value that best fits the
observations is in the range of gaee ∼ (3 − 7)× 10−13.

Figure 1 displays the white dwarf luminosity function, DA and non–DAs [12]. The values
from the DR4 of the SDSS [13] (squares) were complemented at high luminosities with those
obtained using the more recent DR7 [14] (crosses). It is important to notice that models without
axions [15] predict an excess of white dwarfs in the region log(L/L") ∼ −2 as in the case of the
pure-DA sample [4]. If axions are included, the best fit is obtained for gaee ∼ (2 − 3)× 10−13.
The luminosity function at high luminosities is still poorly known from both the theoretical
and observational point of views, but it is clear that will provide strong constrains.

Patras 2011 3



Theory challenges going forward (2) include"
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Evidence for an axion-like particle from PKS 1222+216?
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ABSTRACT
The surprising discovery by MAGIC of an intense, rapidly varying very high energy (E > 50

GeV) emission from the flat spectrum radio quasar PKS 1222+216 represents a challenge for
all interpretative scenarios. Indeed, in order to avoid absorption of γ rays in the dense ultravi-
olet radiation field of the broad line region (BLR), one is forced to invoke the existence of a
very compact (r ∼ 1014 cm) emitting region at a large distance (R > 1018 cm) from the jet
base. We present a scenario based on the standard blazar model for PKS 1222+216 where γ
rays are produced close to the central engine, but we add the new assumption that inside the
source photons can oscillate into axion-like particles, which are a generic prediction of many
extensions of the Standard Model of elementary particle interactions. As a result, a consider-
able fraction of photons can escape absorption from the BLR much in the same way as they
largely avoid absorption from extragalactic background light when propagating over cosmic
distances. We show that observations can be explained in this way for reasonable values of the
model parameters, and in particular we find it quite remarkable that the most favourable value
of photon-ALP coupling happens to be the same in both situations. An independent laboratory
check of our proposal can be performed by the planned upgrade of the ALPS experiment at
DESY.
Key words: radiation mechanisms: non-thermal — γ–rays: theory — galaxies: individual:
PKS 1222+216

1 INTRODUCTION

Blazars dominate the extragalactic γ-ray sky, both at high energy
(> 100 MeV) and at very high energy (VHE) (> 50 GeV). Their
powerful non-thermal emission, spanning the entire electromag-
netic spectrum, is produced in a relativistic jet pointing toward the
Earth. The spectral energy distribution (SED) shows two well de-
fined ”humps”. The first one – peaking somewhere between the IR
and the X-ray bands – derives from the synchrotron emission of
relativistic electrons (or pairs) in the jet. The origin of the second
component which exhibits a maximum at γ-ray energies is more
debated. Leptonic models attribute it to the inverse Compton emis-
sion of the same electrons responsible for the lower energy bump.
Hadronic models, instead, assume that the γ rays are the leftover
of reactions involving relativistic hadrons. Blazars are further di-
vided into two broad groups, BL Lac objects and flat spectrum ra-
dio quasars (FSRQs). BL Lacs are defined by the weakness (or even
absence) of thermal features (most notably broad emission lines) in
their optical spectra. This evidence leads to the common belief that
the nuclear region of BL Lacs, where the jet forms and accelerates
is rather poor of soft photons. On the contrary, FSRQs display lu-
minous broad (v > 1000 km s−1) emission lines, indicating the ex-

! E–mail: fabrizio.tavecchio@brera.inaf.it

istence of photo-ionized clouds rapidly rotating around the central
black hole and organized in the so-called broad line region (BLR).

Besides their importance for to the study of the structure and
functioning of relativistic jets, growing interest for blazars is moti-
vated by the use of their intense γ-ray beam as a probe of the extra-
galactic background light (EBL) (see e.g. Aharonian et al. 2006)
and the intergalactic magnetic fields (see e.g. Neronov & Vovk
2010, Tavecchio et al. 2010) and – even more fundamentally – for
the study of new physical phenomena beyond the Standard Model
(SM) of elementary particle interactions and even quite radical de-
partures from conventional physics such as violation of Lorentz in-
variance (for a review, see Liberati & Maccione 2009). Concerning
the possible evidence for new elementary particles, particular im-
portance is played by axion-like particles (ALPs) – namely very
light spin-zero bosons a characterized by a two-photon coupling
aγγ – which are a generic prediction of many extensions of the
SM (for a review, see Jaekel & Ringwald 2010). In the presence
of an external magnetic field, the aγγ coupling gives rise to the
phenomenon of photon-ALP oscillations (conversion), quite simi-
lar to oscillations of massive neutrinos of different flavour. Within
the present context, photon-ALP oscillations can drastically alter
the propagation of hard photons of energy E from a blazar to us.
Two different scenarios have been proposed. One – called DARMA
– contemplates photon-ALP oscillations γ → a → γ as taking

c© 0000 RAS

Gamma ray propagation:"
e.g., Can we understand gamma-ray absorption?"



Theory challenges going forward (3) include"

Axion Bose-condensates & structure"
"Is the dark matter a Bose condensate?"

Isern et al., 2010"

  

IRAS Images of the Galactic Plane  

The images shown below were downloaded from the Skyview Virtual Observatory. They are IRAS maps of  

the Galactic plane in the direction of galactic coordinates (l,b) = (80°, 0°), at each of the four IRAS   

wavelengths (12, 25, 60 and 100 !m). The maps on the left have a field of view of 10° x 10°, the ones on  

the right 30° x30°. 

The images show a triangular feature. The position of the feature is indicated by the locator figures at the

top. The color scale of the images is the default ('Stern special') scale used by the Skyview Virtual

Observatory. The images have not been processed in any way.  

The triangular feature can be interpreted as the imprint of a caustic ring of dark matter upon the gas and 

dust in the Galactic disk. See astro-ph/0109296. The ring has radius 8.3 kpc. The images show the IRAS

maps in a direction tangent to the ring. Looking in the tangent direction enhances the appearance of the

cross-section of the ring. The cross-section of a caustic ring of dark matter is a "elliptic umbilic" catastrophe.

This catastrophe has the shape of a triangle except that the vertices are cusps instead of angles. The gas and

dust responds to the gravitational field of the dark matter caustic. The gravitational field is smoother than the

caustic but retains its triangular shape.

The caustic rings of dark matter are predicted to lie in the Galactic plane and to be oriented such that one of

the vertices points away from the galactic center. The triangular feature in the IRAS maps has these

properties. 

To see larger size, click on the thumbnail

 10° x 10° 30° x 30°

Triangular 

Feature 

Locator 

12 !m 

25 !m 

60 !m 

E.g.,"
look where a ring would be"
in our galaxy"
Skyview virtual observatory"

(a) (b)

(c) (d)

FIG. 13: Cross sections of the inner caustics produced by the axially symmetric initial velocity field

of Eq. (27) with g1 = −0.033, and (a) c1 = 0, (b) c2 = 0.01, (c) c3 = 0.05, (d) c3 = 0.1. Increasing
the rotational component of the initial velocity field causes the tent caustic (a) to transform into
a tricusp ring (d).
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Conclusions (1)"

We need to keep our eye on the LHC"
(and WIMP detectors)."
"
The longer SUSY remains undetected, the"
more compelling axions become."

First, in honor of LHC turn-on, an 
update on SUSY searches at LHC

Atlas/CMS: no sign of mSUGRA at LHC7:
mg̃ > 1400 GeV for mq̃ ' mg̃; mg̃ > 800 GeV for mq̃ � mg̃

3Monday, April 23, 2012



Conclusions (2)"

On the other hand, LHC finding SUSY would"
strongly suggest axion dark matter."

Why thermally-produced neutralino-
only DM is not the answer

(in spite of the hype):

Generates too much or too little DM; only 
rarely is                   : fine-tuned!
gravitino problem and BBN constraints
neglects the strong CP problem and its 
solution

�std
� h2 ⇠ 0.11
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Overall Conclusions"

Axions: A very compelling dark-matter candidate."
"The QCD axion is well bounded in mass and couplings."
"Dark-matter focus is 1-100 μeV axion masses."

"
There are many search techniques, but the RF-cavity one is most sensitive."

"ADMX is largest and most mature; several others on the horizon."
"The next several years will either see a discovery or reject the QCD"
" "dark-matter axion hypothesis."

"
The space of variant axion models is still wide open."

"Major efforts for solar axions and laser experiments."
"Ideas are out there for very low-mass axions"
" "(inspired by string theory and anthropic principle)."

"
Quite starkly: These experiments have the sensitivity and mass reach to"

"either detect or rule out DM axions at high confidence."


