
THE SEARCH FOR AXIONS 
CIRCA 2023

BEN SAFDI 

BERKELEY CENTER FOR THEORETICAL PHYSICS 
UNIVERSITY OF CALIFORNIA, BERKELEY 

CHUNG-ANG UNIVERSITY BEYOND THE STANDARD MODEL WORKSHOP 



Reasons to think about axions

1. They solve the Strong-CP Problem 

2. They can explain the observed dark matter  

3. They arise generically in string theory  

4. They may be connected to deep aspects of 
quantum gravity (see Matt Reece’s talk)
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The neutron electric dipole moment puzzle 
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Axion Solution to Strong CP (more precisely)
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Axion Solution to Strong CP (more precisely)

Axions also couple to EM: L = �ga��
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Reasons to think about axions

1. They solve the Strong-CP Problem 

2. They can explain the observed dark matter 

3. They arise generically in string theory  

4. They may be connected to deep aspects of 
quantum gravity (see Matt Reece’s talk)
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Axions Appear in String Theory
▸ Axions arise from compactified 2-form fields 

▸ Perturbative masses protected by 10D gauge symmetry 

▸ “Ultralight” non-perturbative masses (e.g. string instantons)

QCD axionALPs

bare masses only QCD-induced mass
10�610�22 ma [eV]



Axion-like particles versus QCD Axion
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String theory provides answer to: why axions?

mbare mQCD
a

10�10 eV 10�1 eV

Axiverse: N pseudo-scalars -> N-1 ALPs + 1 QCD axion

QCD Axion

N - 1 ALPs

Zero modes of 2-
form fields generate 
10’s - 100’s of ALPs 
from compactifion 
on internal space 

Axions could be only way to experimentally 
probe string theory compactifications!  
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Axions
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massless 
axion 


is born

tim
e

PQ symmetry breaking

Inflation

QCD Phase Transition

Axion generated before inflation

a(x)

(aH)�1

Causally disconnected 
regions with different 
homogeneous initial 
misalignment angles -> 
different DM densities  
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“not enough” 
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GUT Scale QCD 
Axion



massless 
axion 


is born

tim
e

PQ symmetry breaking

Radiation Domination

Today
Co-moving horizon today

includes many different


initial misalignment angles

misalignment angle

varies from Hubble path


to Hubble patch

at T_QCD

Axion generated after inflation

a(x)

(aH)�1

(aH)�1
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What does the literature say?

more than 500 μeV

- string 
radiation 
dominates
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What does the literature say?

40 - 180 μeV

- string 
radiation 
dominates

2022



Axion generated after inflation
M. Buschmann, J. Foster, B.S.  PRL 2020
Simulate on static grid with ~1010 sites 

Simulate from PQ phase transition to matter-radiation equality

M. Buschmann, J. Foster, B.S., AMReX Collaboration,  Nat. Comm. 2022 

Simulate on static grid with ~1010 sites 

Simulate from PQ phase transition to matter-radiation equality

Simulate on adaptive grid equiv. to static grid with ~1015 sites 
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Axion dark matter primarily produced from strings

‣ symmetry broken for 

‣ write 

‣ radial mode acquires mass:  

T . fa

�(x) =
r(x) + fap

2
eia(x)/fa

mr ⇠
p
�fa (take � ⇠ 1)

‣ Adaptive mesh to maintain high resolution around strings 

‣ 1e7 CPU-hours over ~100,000 CPUs and ~100 TB RAM 

‣ Goal: measure axion radiation from strings to compute DM abundance

Adaptive mesh



What if scaling solution assumption strongly violated?
2020

Answer with Adaptive Mesh Refinement Simulations 
(AMReX)



What if scaling solution assumption strongly violated?
2020

Answer with Adaptive Mesh Refinement Simulations 
(AMReX)



What if scaling solution assumption strongly violated?Axions with AMReX

start new refinement level to 
maintain resolution

Gorghetto et al. losing 
resolution to strings at 

late times











What do we find? 3
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Figure 2. The string length per Hubble volume ⇠ increases
with time in our simulation, indicating a logarithmic violation
to the scaling solution [24], which would predict constant ⇠.
At late times in the simulation (large logmr/H) the growth
in ⇠ appears linear in logmr/H with coe�cient c1 ⇡ 0.25
as measured for the fit over the full logmr/H range shown,
but including terms all the way down to c�2/ log

2. The fit
illustrated by the solid curve only includes terms down to q0

but is limited to late times (log 2 (7.5, 9)); this fit leads to
c1 ⇡ 0.25 also. These fits indicate that at the beginning of
the QCD phase transition, at log⇤ ⇡ 65, we expect ⇠⇤ ⇡ 15.

The string length per Hubble volume is quantified
through the parameter ⇠, which is defined by ⇠ ⌘ `t

2
/V

with ` the total string length in the simulation volume
V. We determine ` by counting string-pierced plaquettes
in our simulation using the algorithm described in [33].
We illustrate ⇠ as a function of logmr/H in Fig. 2. We
compute ⇠ at points in time separated by a Hubble time
(� logmr/H = log 2), since the network is strongly cor-
related on time scales smaller than a Hubble time.

We verify that ⇠ increases linearly with logmr/H,
which was first suggested in [24, 27]. Ref. [27] con-
structed a suite of simulations on static grids of up to
45003 sites and out to at most logmr/H ⇠ 7.9; they fit
a model of the form ⇠ = c�2/ log

2 +c�1/ log+c0 + c1 log,
with log ⌘ logmr/H, to their ⇠ data for log 2 (4.5, 7.9)
and found c1 = 0.24 ± 0.02. Given mr ⇠ 1010 GeV
and the QCD phase transition beginning at temperatures
T ⇠ 1 GeV, the string network is expected to evolve until
log⇤ ⇠ 65, which is far beyond the dynamical range that
may be simulated.

In Fig. 2 we illustrate our fit of the same functional
form as in [27] to our ⇠ data over the range log 2 (4, 9);
we find c0 = �1.82 ± 0.01 and c1 = 0.254 ± 0.002 (see
Methods for details). As a systematic test we fit the
functional form ⇠ = c0+c1 log to the ⇠ data over the lim-
ited range log 2 (7.5, 9) and determine c0 ⇡ �1.05 and
c1 ⇡ 0.252. Importantly, the parameter c1, which governs
the large log behavior of ⇠, agrees between the two meth-
ods and agrees with the measurement in [27]. Assuming
that the QCD phase transition begins at log⇤ 2 (60, 70)
we estimate that at the beginning of the phase transition
⇠ = ⇠⇤ 2 (13, 17). The linear growth of ⇠ with logmr/H

does not support the analytic velocity-dependent one-

scale model (see Refs. [34–36]), which predicts that ⇠

should approach a constant at large log. On the other
hand, the observation that ⇠ grows linearly with log may
be naturally explained by the well-established logarith-
mic increase of the string tension with time, µ(t) ⇡

µ0 logmr/H with µ0 = ⇡f
2

a to leading order in large log
(see Supp. Fig. S2). A given string segment loses energy
at a constant rate that does not evolve with time [20],
and as a result energy builds up in the strings relative to
the situation where µ does not increase logarithmically
with time. This increase in energy is manifest by a loga-
rithmically increasing ⇠. (See Methods for details of this
argument.)

AXION RADIATION SPECTRUM

As the string network evolves in the scaling regime ax-
ions are produced at a rate �a ⇡ 2H⇢s, where ⇢s = ⇠µ/t

2

is the energy density in strings. As we show later in
this Article, the DM density from string-induced ax-
ion radiation is proportional to the number density of
axions at logmr/H = log⇤. To compute the num-
ber density we need to know the axion radiation spec-
trum from strings. We quantify the spectrum through
the normalized distribution F (k/H) = d log�a/d(k/H)
for physical momentum k. (See, e.g., [24] for a review
of the analytic aspects of the network evolution.) We
compute F numerically from our simulation ouput by
F (k/H) / (1/R

3) d
dt

�
R

3
@⇢a/@k

�
, with @⇢a/@k the time-

dependent di↵erential axion energy density spectrum.
The axion radiation is distributed in frequency be-

tween the e↵ective infrared (IR) cuto↵, which is provided
by H, and the e↵ective ultraviolet (UV) cuto↵ set by the
string width ⇠mr. For momenta k well between these
two scales (H ⌧ k ⌧ mr) the radiation spectrum is ex-
pected to follow a power-law. Below, we describe how we
measure the index of this power law.
We calculate F via finite di↵erences in nonuniform

�t corresponding to uniform intervals in logmr/H. In
our fiducial analysis, we calculate instantaneous emission
spectra using intervals of � logmr/H = 0.25, which is of
order Hubble-time separations. At each logmr/H value,
we fit a power-law model F (k/H) / 1/(k/H)q to the in-
stantaneous spectra between an IR cut-o↵ kIR = xIRH

and a UV cut-o↵ kUV = mr/xUV, with the cut-o↵s cho-
sen to be su�ciently far from the physical IR and UV
cut-o↵s. (See the methods for details of how this fit is
performed.) We chose xIR = 50 and xUV = 16 in order
to be su�ciently far into the power law regime of k.
In the top panel of Fig. 3 we illustrate F computed

at logmr/H = 8.75 for our fiducial choice of xIR and
xUV as well as two systematic variations on the choice
of fitting range, extending to xIR = 30 (“Extended IR
Data”) and xUV = 12 (“Extended UV Data”). The best-
fit power-law models are also illustrated. In the bottom
panel, we show the evolution of the index q as a func-
tion of logmr/H, for both our fiducial analysis and for

1. strings per 
Hubble 
increases 
logarithmically 
with time (and 
understand this 
analytically)

Pointed out 
here, and we 
confirm this!



What do we find?

2. radiation 
does not 
become IR 
dominated — 
conformal to 
within few %

4
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Figure 3. (Above) Example fits to the instantaneous emis-
sion spectrum calculated at logmr/H = 8.75. In our fiducial
analysis, the instantaneous emission spectra are calculated
using a timestep corresponding to � logmr/H = 0.25, and
a power-law model is fit to the data at k between the IR
and UV cuto↵s of kIR = 50H and kUV = mr/16. The data
included in this fit range is shown in grey with the best-fit
power law depicted in black. We also illustrate two system-
atic variations, one in which we extend our IR cuto↵ down to
kIR = 30H (“Extended IR Data”), and another where we ex-
tend our UV cuto↵ upward to kUV = mr/12 (“Extended UV
data”). For clarity, the data are down-binned by a factor of 2
in k/H. (Below) The evolution of the fitted power-law index
q as a function of logmr/H. The best fit indices obtained in
our fiducial analysis are shown in black, with red showing the
indices computed using � logmr/H = log 2. In our fiducial
analysis we constrain q = 1.02 ± 0.03, which is shaded. For
comparison, the best fit linear growth of q obtained in [27] is
shown in dotted grey.

a systematic variation where we use � logmr/H = log 2
when computing F . We compare our results to the best-
fit model obtained in [27], who claimed evidence that
q evolves logarithmically in time, with q > 1 at late
times. In particular, Ref. [27] fit the evolution model
q(t) = q1 log(mr/H) + q0 to their q data and found evi-
dence for non-zero q1, claiming q1 = 0.053 ± 0.005. Fit-
ting this model to our q data (see Methods for details)
yields q1 = �0.04 ± 0.08 and q0 = 1.36 ± 0.69, which is
in tension with the results in [27]. (The best-fit model
in that work is inconsistent at the level ⇠1.8� with our
measured q values). Given that we do not find evidence
for logarithmic growth of q, we impose q1 = 0 and find
q0 = 1.02 ± 0.04, which is interestingly consistent with
the scale invariant spectrum q0 = 1, suggested in [13], to
within ⇠5%. An additional argument in favor of q0 = 1 is
that the string loops appear logarithmically distributed
in size, as shown in Fig. S3 and as expected for a network
of intersecting strings (see Methods).

One di↵erence between [27] and this work that may

contribute to the di↵erence in q is that Ref. [27] used
xUV = 4; in Supp. Fig. S4 we show that using xUV = 4
in our fits also leads to positive q1 at non-trivial signif-
icance (see Supp. Tab. S2); however, as illustrated in
Supp. Fig. S8 at large logmr/H and xUV = 4 the fits
become visibly poor at large k/H because the spectrum
F (k/H) begins to drop rapidly for k ⇠ mr. The fact
that [27] is only resolving the string cores by around one
grid site at large logmr/H may also play a role. We test
the importance of the string-core resolution by perform-
ing an alternate simulation where we do not add extra
refinement levels after logmr/H ⇡ 5.3, such that � is
resolved by one grid site at logmr/H ⇡ 8.1 (see Supp.
Fig. S1). As illustrated in Supp. Fig. S10, in this case
the spectrum becomes distinctly biased towards larger q

at larger log, where the string-core resolution is low.
Our result that q1 is consistent with zero is robust

to changes to xUV (Supp. Fig. S4 and Tab. S2), for
32 � xUV & 8, to xIR (Supp. Fig. S5 and Tab. S1), for
the range 30  xIR  100 that we consider, to the � log
size used in computing F (Supp. Fig. S6 and Tab. S3), for
0.125  � log  log 2, and to the method used for regu-
lating the string cores when computing F (Supp. Fig. S7
and Tab. S4).

DARK MATTER DENSITY

The axion EOM during the QCD epoch generi-
cally violates number density conservation. In partic-
ular, the non-linear axion potential is a function of
cos(a/fa), which implies that non-linear terms in the
EOM are important if |a/fa| & ⇡. Given the in-
stantaneous spectrum F (k/H) we may compute the
average field value squared at a given time t by
h(a/fa)2i ⇡ 4⇡

R t
(dt

0
/t)⇠(t0)h(H 0

/k
0)2i logmr/H

0, with
h(H 0

/k
0)2i being the expected value of H/k at time

t
0 computed from the distribution F (k/H) (see Meth-
ods and note that this is accurate to leading order in
logmr/H). We expect h(H/k)2i to be proportional to
H

2
/k

2

IR
, with kIR/H /

p
⇠ being the e↵ective IR cut-

o↵ for F (k/H) that arises from the typical separation of
strings ⇠k

�1

IR
; note that this implies that as ⇠(t) grows

with time, the e↵ective IR cut-o↵ moves towards the UV
like

p
⇠ because the strings become more closely packed

together. Let us define a dimensionless coe�cient � by
the relation h(H/k)2i�1 = � ⇠; a fit of this functional
form to the spectral data leads to � = 840 ± 70 for
q = 1.06 (see Supp. Fig. S9). Note that smaller values of
q lead to larger values of � and that q = 1.06 is the maxi-
mum value of q allowed at 1� from our analysis. In terms
of this coe�cient h(a/fa)2i ⇡ (4⇡/�) logmr/H . 1.1
(for logmr/H . 70), which implies that non-linear num-
ber changing processes are at most marginally relevant.
(Non-linear corrections to the linearized force are at most
⇠15%.) This justifies our use of number density conser-
vation below in estimating the DM abundance.
To compute the axion number density we need to com-

@⇢

@k
⇠ 1

kq

q 2 (0.98, 1.04)

ma 2 (40, 180) µeV ma = 65± 6 µeV q = 1



What are we doing now? 

Perlmutter + GPU acceleration

1. GPU cluster being 
commissioned now. 
Already 5th most powerful 
supercomputer in world

2. our plan: ~10x increase 
in dynamic range



Why does this matter?



Motivated axion dark matter mass ranges
L = ga��aE ·B
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of the initial scan data yielded 32 power excesses that merited further 
scanning, consistent with statistical expectations32. Rescan data were 
collected from 25 February to 11 April 2020. None of the power excesses 
from the initial scan persisted in the analysis of the rescan data. The 
process of optimizing the SSR as well as further measurements and 
calibrations taken periodically are described in Methods.

From these data, we report a constraint on axion masses ma within 
the windows 16.96–17.12 µeV/c2 and 17.14–17.28 µeV/c2. Using the Bayes-
ian power-measured analysis framework23 described in Methods, we 
exclude axions with g g≥ 1.38γ γ

KSVZ. Figure 3a shows in greyscale the 
prior update (change in probability) Us that the axion resides at any 
specific location in parameter space, with the solid blue line showing 
the coupling for which Us = 10% at each frequency. The aggregate update 
U  (blue curve in Fig. 3b) to the relative probabilities of the axion and 
no-axion hypotheses corresponds to exclusion at the 90% confidence 
level over the entire window at the coupling for which U  = 10%. The 
results from our quantum enhanced data run are shown alongside 
other axion haloscope exclusion curves in Fig. 3c, including previous 
HAYSTAC results3,18 obtained using a single JPA near the quantum limit.

With these results, the HAYSTAC experiment has achieved a break-
through in sensitivity by conducting a sub-quantum limited search 
for fundamental particles. Through the use of an SSR that delivers 
4.0 dB of off-resonant noise variance reduction relative to vacuum, 
we have demonstrated record sensitivity to axion dark matter in the 
10 µeV/c2 mass decade. This work demonstrates that the incompat-
ibility between delicate quantum technology and the harsh and con-
strained environment of a real search for new particle physics can be 
overcome: in this instance, in an axion haloscope requiring efficient 
tunability and operation in an 8-T magnetic field. As intense interest 
in quantum information processing technology continues to drive 

transmission losses downwards, quantum enhanced measurement 
will deliver transformative benefits to searches for new physics. In 
particular, the prospect of removing nonreciprocal signal routing, as 
could be accomplished by creating a parametric swap interaction33 
between the axion cavity and the JPA circuit, would boost transmis-
sion efficiencies above 90%, yielding a greater-than-tenfold scan rate 
increase beyond the quantum limit9.
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Fig. 3 | Axion exclusion from this work. a, Prior updates Us in greyscale in the 
two-dimensional parameter space of axion frequency va and coupling gγ are 
achieved with a Bayesian analysis framework23. The 10% prior update contour is 
shown in solid blue. The corresponding 90% aggregate exclusion level of 

g1.38 γ
KSVZ is shown by the dashed blue line. b, The frequency-resolved prior 

updates Us are combined into a single aggregate prior update U  as a function of 
coupling gγ over the entire frequency range covered by the dashed blue line in 

a. c, Results of this work are shown alongside previous exclusion results from 
the Axion Dark Matter eXperiment (ADMX), the University of Florida (UF), the 
Center for Axion and Precision Physics research (CAPP) and the Rochester–
Brookhaven–Fermilab (RBF) collaboration (see ref. 35). The QCD axion model 
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Used quantum squeezed states in cavity to 
be more sensitive to axion signals
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Going beyond the resonant cavity

this region will be 
covered by resonant 
cavity experiments
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A Broandband / Resonant Approach to Cosmic Axion 
Detection with an Amplifying B-field Ring Apparatus 

Y. Kahn, B.S. , J. Thaler (PRL 2016)



Axion wavelength much longer than size of detector

a(t) ⇡ a0 sin(mat)
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Drop these terms in MQS 
approximation — long axion 
Compton wavelength

But see 
B.S. et al. 
2022!
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Toroidal Magnetic Field: B
B
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Axion Effective Electric Current: I
B
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Secondary axion-induced B-field: Bind
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Pickup-loop current: Iind
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Lindley Winslow

ABRA-10 cm Run 1: PRL 2018, PRD 2019
ABRA-10 cm Run 2/3: PRL 2021                       
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FIG. 4. Projected sensitivity for DMRadio-GUT in pink. The total scan time to cover this reach is ⇠ 6 years, depending on
R&D outcomes. Various scenarios are outlined in Table II. Existing limits are shown in grey.

A definitive search for axion DM across all masses is one of the highest priorities for particle physics and key to
uncovering the particle nature of DM [114]. The DMRadio Program, including DMRadio-50L, DMRadio-m3, and
DMRadio-GUT, is the low-frequency complement to experiments searching at higher masses. DMRadio-GUT is
designed to address parameter space in the mass range 0.4 � 120 neV (0.1 � 30MHz), probing axions at the GUT
scale. It is the ultimate experiment for the lumped-element technique, harnessing key technological advancements to
probe this critical parameter space.
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Figure 2. The projected sensitivity of our fiducial toroid to
ga�� at 95% confidence as a function of axion mass ma for the
scenario of a perfectly reflecting, surrounding shield and 10%
by volume lossy material within the toroid. The MQS expec-
tation is shown hatched, with a scanning strategy that main-
tains sensitivity to the DFSZ axion starting from the naive
MQS breakdown frequency fMQS and going to lower masses
over a one year time scale. The same scanning strategy with-
out the MQS approximation, as simulated using COMSOL, gives
the sensitivity illustrated by “Single Pole,” which makes use
of a single pole readout strategy without inductive tunings.
Using the full high frequency response at each tuning, ac-
counting for the multipolar response of the resonant system
at high frequencies, yields the sensitivity curve labelled “Mul-
tipole,” which extends the mass range of the lumped element
detector all the way to masses probed by ADMX.

is the inverse of the diameter of the toroid. For definite-
ness we assume one year of total data taking time, and we
implement a search strategy where we scan in axion mass
from ma = 2⇡fMQS to lower masses, maintaining sensi-
tivity to the DFSZ axion [43, 44]. The lowest frequency
we reach in this search is f ⇡ 17 MHz, as illustrated in
Fig. 2. Note that to simplify the discussion we assume
that at all resonant frequencies the LC circuit has a qual-
ity factor Q = 106. We also assume that TLC = 20 mK
and the readout noise parameter is ⌘A = 20.

Going beyond the MQS approximation, we need to
solve Maxwell’s equations coupled to the axion source
Je↵ with the boundary conditions specified by the detec-
tor. Note that there are also contributions from axion
field gradients, but such terms are subdominant relative
to Je↵ by factors of the DM velocity, so we neglect them
in this analysis. The MQS approximation amounts to
neglecting the time-derivative terms in Maxwell’s equa-
tions, as well as any retarded-time e↵ects.

To begin, we work to leading order in frequency, where
we may still treat the pickup loop circuit in the lumped-
element approximation and neglect finite propagation
time e↵ects. However, an oscillating (e↵ective) current
source will radiate. To keep track of the radiative power
losses (otherwise known as radiation resistance), we first

assume that there is no surrounding shield (in the ultra-
low frequency limit the shield plays no role in determining
the quality factor). We may describe the radiation power
from the toroid in the dipole approximation. For illustra-
tive purposes, we assume the toroid has two independent
geometric scales, router = 2rinner = 2r and h indepen-
dent of r. Approximating the surface currents on the
toroidal surface by a uniform current density J through
the inner toroidal volume, the time-averaged radiated
power is Prad = m4

aG
2J2/(12⇡), where G = (7⇡/3)hr3

is a geometric factor. We may then identify a radia-
tion resistance Rrad by setting Prad = RradI2/2, with
I the linear current through the cross-section of the
toroid. Then, the total quality factor of the circuit is
Qtot = (1/Qprim + 1/Qrad)�1, with Qprim ⇡ 106 the
original quality factor before radiative energy loss was
accounted for and Qrad ⌘ maLp/Rrad the quality factor
associated with the radiation resistance. A straightfor-
ward calculation yields

Qrad =
54

49

✓
1

mah

◆✓
1

mar

◆2

. (2)

Let us now assume that there is a single scale, with h = r.
Then, to avoid diminishing the total quality factor be-
low 106 we need ma . r�1/100. That is, the MQS ap-
proximation breaks down two orders of magnitude be-
fore ma ⇠ 2⇡fMQS. For example, for our fiducial toroid
(fMQS ⇡ 150 MHz) radiation-induced Q degradation be-
comes important for f & 1 MHz.
As mar increases, the next important e↵ect is that

the toroid pickup sheath stops behaving like a lumped-
element inductor at its first self-resonant frequency
(fSRF). Considering the sheath as a transmission line,
we expect its reactance X to depend on wavelength �
by X / tan (2⇡`perim/�), where `perim ⇠ 4⇡r is the
characteristic perimeter length of the toroid (assuming
router = 2r). Importantly, this implies that the reac-
tance changes sign when � ⇠ 4`perim, which occurs for
ma ⇠ (4r)�1. That is, the pickup loop only behaves
like a lumped-element inductor for ma . 0.25r�1. For
our fiducial toroid we thus expect fSRF ⇠ 25 MHz, and
above this frequency the lumped element approximation
is not valid. In particular, the reactance changes sign
above fSRF, which means that the pickup sheath has ca-
pacitive reactance and resonance can only be achieved by
adding an additional, tunable lumped-element inductor
to the readout circuit. Extending to even higher fre-
quencies, the reactance oscillates between capacitive and
inductive, and the detector acquires multiple poles.
Numerical simulations past the MQS limit.—
Understanding the response of the detector at frequen-
cies beyond fSRF requires numerical simulations of the
axion-electrodynamics equations. Using the RF Module
of COMSOL Multiphysics® [45], we simulate our fiducial
toroid geometry including 2.5 cm thick walls and a 5�

gap. The toroid is idealized as a perfect electric conduc-
tor, and the gap is bridged by a perfectly electrically con-
ducting surface containing a small lumped port, which is

Caveat: Our simulations show beyond MQS 
Approximation, challenges emerge
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Detecting axion dark matter beyond the magnetoquasistatic approximation
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A number of proposals have been put forward for detecting axion dark matter (DM) with grand
unification scale decay constants that rely on the conversion of coherent DM axions to oscillating
magnetic fields in the presence of static, laboratory magnetic fields. Crucially, such experiments –
including ABRACADABRA – have to-date worked in the limit that the axion Compton wavelength
is larger than the size of the experiment, which allows one to take a magnetoquasistatic (MQS)
approach to modeling the axion signal. We use finite element methods to solve the coupled axion-
electromagnetism equations of motion without assuming the MQS approximation. We show that
the MQS approximation becomes a poor approximation at frequencies two orders of magnitude
lower than the naive MQS limit. Radiation losses diminish the quality factor of an otherwise high-
Q resonant readout circuit, though this may be mitigated through shielding and minimizing lossy
materials. Additionally, self-resonances associated with the detector geometry change the reactive
properties of the pickup system, leading to two generic features beyond MQS: there are frequencies
that require an inductive rather than capacitive tuning to maintain resonance, and the detector
itself becomes a multi-pole resonator at high frequencies. Accounting for these features, competitive
sensitivity to the axion-photon coupling may be extended well beyond the naive MQS limit.

The quantum chromodynamics (QCD) axion with de-
cay constant near the Grand Unification Theory (GUT)
scale provides a compelling dark matter (DM) candi-
date [1–3], a solution to the strong-CP problem from the
non-observation of a neutron electric dipole moment [4–
7], and may emerge naturally in ultraviolet theories from
String Theory [8–11] and GUT field theories [12–19].
The axion is naturally realized as the Goldstone bo-
son of a U(1) symmetry, called the Peccei-Quinn (PQ)
symmetry, that is spontaneously broken at a high en-
ergy scale fa [20]. The axion acquires a non-trivial po-
tential from QCD instantons, allowing it to solve the
strong-CP problem, and also leading to an axion mass
ma ⇡ 0.57 neV(1016 GeV/fa) [21].

A number of compelling experiments have been pro-
posed for detecting GUT-scale axion DM in the labora-
tory that rely on the coupling of the axion a to elec-
tromagnetism L � ga��aE · B, with E (B) the elec-
tric (magnetic) field and ga�� the axion-photon coupling
(see [22] for a review). Axion DM behaves as a classi-
cal wave, whose time dependence is a(t) ⇡ a0 cos(mat)
with amplitude a0 set by the local DM density ⇢DM:
m2

aa
2
0/2 = ⇢DM [23]. The axion field may convert to elec-

tromagnetic waves with frequency ! ⇡ ma in the pres-
ence of static, external magnetic fields; for axion masses
ma ⇠ 5 µeV (corresponding to fa ⇠ 1012 GeV and
Compton wavelength ⇠25 cm), that radiation may then
be enhanced in a resonant cavity of comparable size [24].
The ADMX [25–27] and HAYSTAC [28–30] experiments,
amongst others [22], have successfully searched for QCD

axion DM in this mass range using resonant cavities. The
problem with using resonant cavity experiments to search
for GUT-scale axion DM is clear: probing ma ⇠ 0.5 neV
would require a cavity with size ⇠2.5 km.
However, in the limit where the axion Compton wave-

length is much larger than the size of the experiment, the
equations of axion-electrodynamics can be solved in the
magnetoquasistatic (MQS) approximation, in which case
a static laboratory magnetic field B0 sources an e↵ective
current Je↵(t) ⇡ ga��

p
2⇢DM cos(mat)B0 [31, 32]. The

e↵ective current oscillates in time, creating a real, sec-
ondary, oscillating magnetic field which can be used to
drive current in a pickup loop via Faraday’s law. Such de-
tectors, which include ABRACADABRA-10 cm (ABRA-
10 cm) [33–35], SHAFT [36], and ADMX SLIC [37], are
generically referred to as “lumped element” detectors,
since in the MQS approximation they may be described
through lumped-element circuit components such as in-
ductors and capacitors [22].
In this Letter we study how detectors designed to op-

erate in the MQS regime behave when the axion Comp-
ton wavelength approaches the size of the detector. It
is clear that the MQS approximation is applicable for
m�1

a � L, with L the characteristic size of the de-
tector, but it is unclear precisely where the MQS ap-
proximation breaks down and how this a↵ects the sen-
sitivity of planned lumped-element detectors. We note
that most detector designs to-date have have been in-
formed by the MQS calculation at masses up to m�1

a ⇠

L [22, 32, 38, 39]; in this work, however, we show that the
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FIG. 3. Two examples of the discovery potential (light
and dark blue) of our dielectric haloscope using 80 disks
(✏ = 25, A = 1m2, Be = 10T, ⌘ = 0.8, tR = 1day)
with quantum limited detection in a 3-year campaign. We
also show exclusion limits (gray) and sensitivities (coloured)
of current and planned cavity haloscopes [16, 17, 32–36].
The upper inset shows the initial angle ✓I required in Sce-
nario A [37]. The lower inset depicts the fa value corre-
sponding to a given ma, and the three black lines denote
|Ca� | = 1.92, 1.25, 0.746. Note that Scenario B predicts
50 µeV . ma . 200 µeV [12, 38].

In Fig. 3 we show the discovery potential of an 80 disk
experiment with a run time of three years, by extrapo-
lating from our 25 GHz solutions using the Area Law.
We have used A = 1m2, ✏ = 25, and Be = 10T. We
assume 80% detection e�ciency, quantum limited detec-
tion (Tsys ⇠ ma) and a conservative tR = 1day. We
give two examples, reaching |Ca� | = 1 and 0.75 in light
blue and dark blue, respectively. Similar results can
be achieved by using a two stage process. A five year
run with commercially available HEMT amplifiers with
Tsys = 8K would cover the low-mass range, for exam-
ple ma . 120µeV with |Ca� | = 1. The high-mass range
ma . 230µeV shown in Fig. 3 would require another
two years with a quantum limited detector. Adding disks
and extending the run time could expand the search to
ma . 400µeV.

Our haloscope would cover a large fraction of the high-
mass QCD axion parameter space with sensitivity to
|Ca� | ⇠ 1. In Scenario A, these masses correspond to
large, but still natural, initial angles 2.4 . ✓I . 3.12 [37].
Scenario B, our main goal, would be covered including
the theoretical uncertainty in ma (50–200 µeV [12, 38])
for KSVZ-type models with short-lived domain walls
(N = 1). Prime examples include the recent SMASHd,u

models (E = 2/3, 8/3) [38]. Models with N > 1 require
ma & 1 meV [12, 39], beyond our search range. However,
with some exceptions [40] these models generally require
a tuned explicit breaking of the PQ symmetry to avoid
a domain-wall dominated universe [41].

CONCLUSION

In this Letter we have proposed a new method to search
for high-mass (40–400 µeV) axions by using a mirror and
multiple dielectric disks contained in a magnetic field—a
dielectric haloscope. The key features are a large trans-
verse area and the flexibility to use both broadband and
narrow-band search strategies. With 80 disks one could
search a large fraction of this high-mass range with sen-
sitivity to the QCD axion.
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Dielectric Haloscopes: A New Way to Detect Axion Dark Matter
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We propose a new strategy to search for dark matter axions in the mass range of 40–400µeV
by introducing dielectric haloscopes, which consist of dielectric disks placed in a magnetic field.
The changing dielectric media cause discontinuities in the axion-induced electric field, leading to
the generation of propagating electromagnetic waves to satisfy the continuity requirements at the
interfaces. Large-area disks with adjustable distances boost the microwave signal (10–100GHz) to
an observable level and allow one to scan over a broad axion mass range. A sensitivity to QCD
axion models is conceivable with 80 disks of 1m2 area contained in a 10Tesla field.

INTRODUCTION

The nature of dark matter (DM) is one of the most en-
during cosmological mysteries. One prime candidate, the
axion, arises from the Peccei–Quinn (PQ) solution to the
strong CP problem, the absence of CP violation in quan-
tum chromodynamics (QCD). The CP violating QCD
phase ✓ is e↵ectively replaced by the axion field whose
potential is minimal at ✓ = 0 [1–3]. Thus ✓ dynamically
relaxes towards zero regardless of its initial conditions,
satisfying the neutron electric dipole moment constraints
✓ . 10�11 [4].

Tiny relic oscillations with a frequency given by the
axion mass ma around ✓ = 0 persist, acting as cold
DM [5–9]. If DM is purely axionic, its local galac-
tic density ⇢a = (fama)2✓20/2 ⇠ 300 MeV/cm3 implies
✓ ⇠ ✓0 cos(mat) at the Earth, with ✓0 ⇠ 4⇥10�19. While
these oscillations could be detected, the main challenge
is to scan over a huge frequency range as ma is unknown.

However, cosmology can guide our search. Causality
implies that at some early time ✓ is uncorrelated between
patches of causal horizon size. We consider two cosmo-
logical scenarios depending on whether cosmic inflation
happens after (A) or before (B) that time.

In Scenario A, one patch is inflated to encompass our
observable universe while smoothing ✓ to a single initial
value ✓I. The cosmic axion abundance depends on both
✓I and ma, so the DM density can be matched for any
ma allowed by astrophysical bounds [10] for a suitable ✓I.

In Scenario B, the axion abundance is given by the
average over random initial conditions and the decay of
accompanying cosmic strings and domain walls. Freed
from the uncertainty in the initial conditions, Scenario B
provides a concrete prediction ma ⇠ 100 µeV [11, 12],
although with some theoretical uncertainty [13].

Searches based on cavity resonators in strong mag-
netic fields (Sikivie’s haloscopes [14]) such as ADMX [15],
ADMX HF [16] or CULTASK [17] are optimal for ma .

Mirror Dielectric  Disks Receiver 

Be 

FIG. 1. A dielectric haloscope consisting of a mirror and
several dielectric disks placed in an external magnetic field
Be and a receiver in the field-free region. A parabolic mirror
(not shown) could be used to concentrate the emitted power
into the receiver. Internal reflections are not shown.

10µeV. Much lower values of ma can be explored by nu-
clear magnetic resonance techniques like CASPER [18]
or with LC circuits [19, 20].
The mass range favoured in Scenario B is untouched

by current experiments, and for cavity haloscopes will
remain so for the foreseeable future. While fifth-force ex-
periments [21] could search this region, they would not
directly reveal the nature of DM. We present here a new
concept to cover this important gap, capable of discov-
ering ⇠ 100µeV mass axions. It consists of a series of
parallel dielectric disks with a mirror on one side, all
within a magnetic field parallel to the surfaces as shown
in Fig. 1—a dielectric haloscope.
For large ma the greatest hindrance for conventional

haloscopes is that the signal is proportional to the cavity
volume V . With dimensions on the order of the axion
Compton wavelength1 �a = 2⇡/ma, V / �3

a which de-

1
We use natural units with ~ = c = 1 and the Lorentz-Heaviside

convention ↵ = e2/4⇡.
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FIG. 2. Boost factor �(⌫a) for configurations optimised for
�⌫� = 200, 50 and 1 MHz (red, blue and grey) centred on
25GHz using a mirror and 20 dielectric disks (d = 1mm,
✏ = 25).

low, reaching �min ⇠ 275 across 50 MHz. The achievable
�min changes with the optical thickness of a disk—in the
example shown � ⇠ 0.8⇡, neither transparent nor fully
reflective. Note that for a given d, there are frequency
bands around ⌫a = 1, 3, 5, ... ⇥ ⇡/(

p
✏d) for which the

disks are transparent and � is limited to the sum of the
EM waves �min  2N + 1, where N is the number of
disks. Further, at ⌫a = 2, 4, 6, ... ⇥ ⇡/

p
✏d the disks do

not emit any radiation. Thus when large � or flexibil-
ity is required one must avoid these frequencies with a
di↵erent set of disks.

SETUP

Dielectrics with large ✏ enhance emission and resonance
e↵ects, leading to a higher �. A good candidate could be
LaAlO3 (✏ ⇠ 25, µ ⇠ 1), which has a very small loss
tangent ⇠ 10�5 at temperatures below ⇠ 80 K. The
transverse area is limited by the feasibility and cost of
an intense magnet: apertures larger than one square me-
ter are extremely challenging. Dielectric disks of that
area would be made by tiling smaller pieces and could
be repositioned using precision motors. The precision
required can be estimated by studying the analytically
tractable cases—the single cavity and the �a/2 symmet-
ric case [26]. We find that the positioning errors have
to be kept below ⇠ 200 µm

p
102/� (100 µeV/ma). For

example, for � ⇠ 103, � ⌧ 60 µm would be needed for
ma = 100 µeV, though the exact sensitivity depends on
the configuration. Thus it will probably be more prac-
tical to use a broadband search technique, scanning a
larger mass range in each longer measurement. We are in-
vestigating this requirement with a prototype setup using
20 cm diameter Al2O3 disks. Comparisons of the simu-
lated and measured transmissivity and reflectivity (which
are correlated with �) indicate that few µm precision

could be achieved. Di↵raction appears to be negligible
for the setup, but full numerical studies are required.
Thermal emission of the disks and mirror contributes

to the noise of the experiment, but is suppressed when
compared to a black body by both small dielectric losses
and a good reflectivity, respectively. However, the halo-
scope will reflect thermal emission from the detector into
itself. This e↵ect can be reduced by cooling the detec-
tor to cryogenic temperatures. As detector, we would
use a broadband corrugated horn coupled to a linear am-
plifier like state-of-the-art high-electron-mobility transis-
tor (HEMT) for its broadband capabilities (operable up
to 40 GHz) and/or quantum limited amplifiers. Using
a HEMT detector at room temperature we measured a
10�21 W signal at 17 GHz at 6� in a one week run—we
expect 100 times better performance at cryogenic tem-
peratures. With � ⇠ 400 we would be sensitive to QCD
axions.

DISCOVERY POTENTIAL

For a practical experiment one must scan across ma.
The procedure consists of arranging the disks to achieve
a roughly constant � in a region�⌫� , measuring for some
time �t, and readjusting the distances to measure an ad-
jacent frequency range. The required � for a reasonably
short �t is given by Dicke’s radiometer equation for the
desired signal to noise ratio, S/N = (P/Tsys)

p
�t/�⌫a,

where the system noise temperature is Tsys and the ax-
ion line width �⌫a ⇠ 10�6⌫a. Collecting the signal with
e�ciency ⌘, we get

�t

1.3 days
⇠

✓
S/N

5

◆2 ✓400

�

◆4 ✓1m2

A

◆2 ✓
ma

100 µeV

◆

⇥
✓
Tsys

8K

◆2 ✓10T

Be

◆4 ✓0.8

⌘

◆2

C�4
a� . (9)

In a single measurement we simultaneously search
�⌫�/�⌫a possible axion “channels”. Thus the time to
scan a given frequency range scales inversely to �4�⌫� .
As the Area Law implies that �2�⌫� is approximately
conserved, it appears that narrow resonant peaks are op-
timal, as with conventional cavity haloscopes.
However, both the required placement precision and

the time tR needed to reposition the disks limit �. With
80 disks to be adjusted, tR will be non-negligible—for
an optimal scanning rate the measurement and readjust-
ment times must be similar. The value of � required
to reach |Ca� | ⇠ 1 increases with ma, so the dielectric
haloscope could be adjusted to scan a wider mass range
simultaneously at low masses and increase � decreasing
the bandwidth as the scan proceeds to higher ma. If a
potential signal is found, the dielectric haloscope could
be reconfigured to enhance � at that frequency, quickly
confirming or rejecting it at high significance.

Resonant enhancement example: 20 layers 
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Astrophysical probes most relevant at high masses

Astrophysics: SN, 
NS, WD cooling, …
Semi-astro: IAXO
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Upper Limit on the QCD Axion Mass from Isolated Neutron Star Cooling
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The quantum chromodynamics (QCD) axion may modify the cooling rates of neutron stars (NSs).
The axions are produced within the NS cores from nucleon bremsstrahlung and, when the nucleons
are in superfluid states, Cooper pair breaking and formation processes. We show that four of
the nearby isolated Magnificent Seven NSs along with PSR J0659 are prime candidates for axion
cooling studies because they are coeval, with ages of a few hundred thousand years known from
kinematic considerations, and they have well-measured surface luminosities. We compare these
data to dedicated NS cooling simulations incorporating axions, profiling over uncertainties related
to the equation of state, NS masses, surface compositions, and superfluidity. Our calculations of the
axion and neutrino emissivities include high-density suppression factors that also a↵ect SN 1987A
and previous NS cooling limits on axions. We find no evidence for axions in the isolated NS data, and
within the context of the KSVZ QCD axion model we constrain ma . 16 meV at 95% confidence.
An improved understanding of NS cooling and nucleon superfluidity could further improve these
limits or lead to the discovery of the axion at weaker couplings.

The quantum chromodynamics (QCD) axion is a well-
motivated beyond-the-Standard-Model particle candi-
date that may explain the absence of the neutron elec-
tric dipole moment [1–4] and the dark matter (DM)
in our Universe [5–7]. However, the axion remains re-
markably unconstrained experimentally and observation-
ally, despite nearly 45 years of e↵ort dedicated to axion
searches (see [8] for a review). The QCD axion is pri-
marily characterized by its decay constant fa, which sets
both its mass [9] ma ⇡ 5.7 µeV

�
1012 GeV/fa

�
and its in-

teraction strengths with matter. Requiring fa below the
Planck scale implies ma & 10�12 eV. The axion mass
is currently bounded from above by supernova (SN) and
stellar cooling constraints at the level of tens of meV, sub-
ject to model dependence and astrophysical uncertainties
that are discussed further below. This work aims to im-
prove upon these upper bounds by studying the cooling
of old neutron stars (NSs) with ages ⇠105–106 yrs.

The NS constraints presented in this work are part of
a broader e↵ort to probe the QCD axion over its full
possible mass range. Black hole superradiance disfavors
QCD axion masses ma < 2 ⇥ 10�11 eV [10–12], while
the ADMX experiment has reached sensitivity to Dine-
Fischler-Srednicki-Zhitnitsky (DFSZ) [13, 14] QCD ax-
ion DM over the narrow mass range ma ⇠ 2.66–3.31 µeV
by using the axion-photon coupling [15, 16]. Apart
from these constraints, and additional narrow-band con-
straints from the ADMX [17] and HAYSTAC [18] ex-
periments at the level of the more strongly-coupled
Kim-Shifman-Vainshtein-Zakharov (KSVZ) [19, 20] ax-
ion, there is nearly a decade of orders of magnitude of
parameter space open for the axion mass that is un-
probed at present. On the other hand, near-term plans

exist to cover experimentally most of the remaining pa-
rameter space for QCD axion DM, including ABRA-
CADABRA [21–23], DM-Radio [24], and CASPEr [25–
27] at axion masses ma ⌧ µeV, ADMX and HAYSTAC
at axion masses ma ⇠ 1–100 µeV, and MADMAX and
plasma haloscopes at masses ⇠40–400 µeV [28, 29]. How-
ever, astrophysical searches such as that presented in this
work play an important role in constraining higher ax-
ion masses near and above the meV scale. Axions with
ma & meV are di�cult to probe in the laboratory, even
under the non-trivial assumption that the axion is DM
(but see [30, 31] for a proposal). While it was previously
thought that the QCD axion cannot explain the entirety
of DM at masses at and above ⇠meV masses, this as-
sumption has been challenged recently (see, e.g., [32, 33]),
further motivating the search for meV-scale axions.

The fundamental idea behind how axions may modify
NS cooling is that these particles, just like neutrinos [34],
may be produced in thermal scattering processes within
the NS cores and escape the stars due to their weak inter-
actions [35, 36]. Most previous studies of axion-induced
NS cooling have focused on either proto-NSs, like that
from SN 1987A [37–41], that are seconds old or young
NSs like Cas A [42–48], which has an age ⇠300 yrs.
In this work we show that robust and competitive con-
straints on ma may be found from analyses of older NS
cooling, focusing on NSs with ages ⇠105–106 yrs. This is
important when considering the possible issues that af-
fect the SN 1987A and Cas A constraints, such as the lack
of fully self-consistent 3D simulations [38] for SN 1987A
and uncertainties related to the formation of the proto-
NS [49]. Axion constraints from Cas A arise by using
the observed temperature drop of the young NS over the
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Figure 1. The luminosity and age data for each of the NSs considered in this work (see Tab. I). We show the best-fit cooling
curves computed in this work for each of these NSs under the null hypothesis and with the axion mass fixed to ma = 16 meV,
which is our 95% upper limit on the QCD axion mass in the context of the KSVZ model.

past ⇠two decades by the Chandra telescope, but it was
realized recently that this drop may be due in large part
to a systematic evolution of the energy calibration of the
detector over time [50]. Moreover, the Cas A constraints
are typically derived under the assumptions of specific
superfluidity and equation of state (EOS) models, which
are themselves uncertain. While the importance of the
SN 1987A and Cas A results should not be discounted, it
is clear that additional, independent probes are needed
to robustly disfavor or detect the QCD axion at masses
above a few meV.
Isolated NS data and modeling.— In this work
we use luminosity and kinematic age data from four of
the seven Magnificent Seven (M7) NSs, which are those
where kinematic age data is available (see Tab. I and
Fig. 1 for their relevant data). We add to this list PSR
J0659, identified with the Monogem Ring, as it also has
an age above 105 yrs known from kinematic consider-
ations [51, 52] and a thermal luminosity measurement.
The NSs with ages ⇠105 yrs live at a unique era, as illus-
trated in Fig. 2, where cooling from axion bremsstrahlung
emission is maximally important; at lower ages neutrino
emission plays a more important role since the the neu-
trino (axion) emissivity scales as / T 8 (T 6) with temper-
ature T , while at older ages the thermal surface emission
dominates the energy loss. We discuss NSs with ages
less than 105 yrs, including Cas A, in the Supplementary
Material (SM). The age data have been determined by
tracing the NSs back to their birthplaces. A measured
NS orbit is run backwards in the Galactic potential and a
parent stellar cluster is identified in each case. J1856 and
J1308 are found to originate in the Upper Scorpius OB
association [53, 54]. J0720 was likely born in the Trum-
pler association [55]. J1605 can be associated with a
runaway former binary companion, which was disrupted
in a supernova [56].

The thermal luminosity data for these NSs are mea-
sured from spectral fitting of NS surface models to the X-
ray spectra. The strong magnetic fields create localized
temperature inhomogeneities on the surfaces, so the to-
tal thermal luminosity is a more robust observable for our
purposes since it is less a↵ected by the temperature inho-
mogeneities than direct temperature measurements. For
this reason we use the luminosity data in this work rather

than surface temperature measurements [57]. Typically,
one of a NS atmosphere model or a double-blackbody
model is fit to the X-ray spectral data. For J1856, a thin
partially ionized hydrogen atmosphere model suggests
our lower luminosity bound ⇠5⇥1031 erg/s [58] while
a double blackbody model suggests the upper bound
⇠8⇥1031 erg/s [59]. For J1308, the same models sug-
gest (3.3 ± 0.5)⇥1032 erg/s and 2.6⇥1032 erg/s, respec-
tively [60]. For J0720, both types of models give similar
luminosities ⇠2⇥1032 erg/s [55]. A double blackbody fit
yields the luminosity (4±1)⇥1032 erg/s for J1605, which
we adopt in our analysis [61]. The J0659 luminosity was
determined with a double blackbody model including a
power law, since it emits non-thermally in hard X-rays as
it is a pulsar [62]. We assume Gaussian priors on the NS
luminosities and ages that include all measurements at
1�. Note that the M7 have previously been the subject of
searches for axion-induced hard X-ray emission [63, 64].

In this work we build o↵ of the one-dimensional NS
cooling code NSCool [65] to simulate NS cooling curves
with axion energy losses. NSCool solves the energy bal-
ance and transport equations in full General Relativity in
the core and crust of the NS. An envelope model Ts(Tb)
that relates the interior and surface temperatures, Tb and
Ts respectively, is glued to the exterior of the crust. Af-
ter thermal relaxation, so that the NS has a uniform
core temperature, integrating the energy balance equa-
tion over the interior of the NS leads to the cooling equa-
tion

L1
� = �C

dT1
b

dt
� L1

⌫ � L1
a + H , (1)

where L1
� = 4⇡R2

⇤,1(T1
s )4 is the photon luminosity, and

t is time. (Throughout this Letter, the infinity super-
script will indicate that the value is taken to be that as
measured by a distant observer.) The heat capacity of
the NS is C, L1

⌫ is the neutrino luminosity, L1
a is the

axion luminosity, and H accounts for possible heating
sources, such as from magnetic field decay (see Fig. 2
for an illustration). Note that we include important cor-
rections to the neutrino emissivities relative to those in
NSCool [65], which we discuss shortly, and we also as-
sume that H = 0, since magnetic field induced heat-
ing likely plays a subdominant role in constraining L1

a

ma < (10 - 30) meV    (depending of KSVZ/DFSZ)

Astrophysical probes most relevant at high masses
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Low-mass ALPs motivated by string theory

Astrophysical probes: X-ray, gamma-ray, 
radio observations looking for axion-
photon conversion in astro B-fields

STRING ALP SPACE



Example: Magnetic White Dwarf Polarization

2

axion masses. Observations of horizontal branch (HB)
star cooling [14] constrain ga�� at a level comparable to
CAST (|ga�� | . 6.6 ⇥ 10�11 GeV�1, as illustrated in
Fig. 1, for axion masses less than the keV scale). The
non-observation of gamma-rays from SN1987A — which
would be produced from Primako↵ production in the su-
pernova core and converted to photons in the Galactic
magnetic fields — leads to the limit |ga�� | . 5.3 ⇥ 10�12

GeV�1 for ma . 4.4 ⇥ 10�10 eV [9] (but see [25]). The
non-observation of X-rays from super star clusters, which
may arise from axion production in the stellar cores and
conversion in Galactic magnetic fields, leads to the limit
|ga�� | . 3.6 ⇥ 10�12 GeV�1 for ma . 5 ⇥ 10�11 eV [7].
Ref. [26] claims to constrain |ga�� | . 8 ⇥ 10�13 GeV�1

for ma . 10�12 eV using searches for X-ray spectral ir-
regularities from the active galactic nucleus NGC 1275,
though the magnetic field models in that work, and thus
the resulting limits, are subject to debate [27, 28].

There are a number of astrophysical anomalies that fa-
vor axions at |ga�� | below current constraints. For exam-
ple, the unexplained transparency of the Universe to TeV
gamma-rays may be explained by the existence of axions
with ga�� ⇠ 10�12�10�10 GeV�1 and ma ⇠ 10�9�10�8

eV (see Fig. 1) [29–34] (but see [35, 36]). The high-energy
gamma-rays would convert to axions in the magnetic
fields surrounding the active galactic nuclei sources and
then reconvert to photons closer to Earth in the inter-
galactic magnetic fields, e↵ectively reducing the attenua-
tion of gamma-rays caused by pair-production o↵ of the
extragalactic background light. The gamma-ray trans-
parency anomalies are constrained in-part by searches
for spectral irregularities from gamma-ray sources with
the H.E.S.S [12] and Fermi-LAT [10, 11] telescopes (but
see [27]).

Magnetic WDs (MWDs) are natural targets for axion
searches because of their large magnetic field strengths,
which can reach up to ⇠109 G at the surface. Ref. [8] re-
cently constrained the coupling combination |ga��gaee|,
with gaee the axion-electron coupling, using a Chandra
X-ray observation of the MWD RE J0317-853. Axions
would be produced from electron bremsstrahlung within
the MWD cores and then converted to X-rays in the
magnetosphere. Depending on the relation between gaee

and ga�� the constraint on ga�� alone could vary from
|ga�� | . few ⇥ 10�13 GeV�1 to |ga�� | . 4.4 ⇥ 10�11

GeV�1 for ma . 5⇥10�6 eV; the most conservative con-
straint from that work is illustrated in Fig. 1. (See [37–40]
for similar searches using neutron stars (NSs) as targets.)
Note that WD cooling provides one of the most sensitive
probes of the axion-electron coupling alone, since the ax-
ions produced by bremsstrahlung within the stellar cores
provide an additional pathway for the WDs to cool [41].

Refs. [42, 43] were the first to propose using MWD
polarization measurements to constrain ga�� . The ba-
sic idea behind this proposal, which is the central focus
of this work, is illustrated in Fig. 2. The MWD radi-
ates thermally at its surface temperature. The thermal
radiation is unpolarized, but it may e↵ectively acquire

unpolarized light

MWD

B-field

linear polarization

axion (unobserved)

Figure 2. The MWD emits thermal, unpolarized light, but
this light may acquire a linear polarization when traversing
the magnetosphere by photon-to-axion conversion. Photons
polarized along the direction of the transverse magnetic field
may convert to axions, while those polarized in the orthogonal
direction are una↵ected. Note that the conversion process
may take place well away from the MWD surface.

a linear polarization when traversing the magnetosphere
because photons polarized parallel to the transverse mag-
netic fields may convert to axions, which are unobserved,
while the orthogonal polarization direction is una↵ected.
Ref. [43] claimed that MWD linear polarization measure-
ments of the MWDs PG 1031+234 and Sloan Digital Sky
Survey (SDSS) J234605+38533 may be used to constrain
|ga�� | . (5 � 9) ⇥ 10�13 GeV�1 for ma . few ⇥ 10�7 eV.
Here we critically reassess the upper limits from these
MWDs and show that, while strong, the upper limits on
ga�� from these MWDs are around an order of magni-
tude weaker than claimed in [43], when accounting for
astrophysical uncertainties on the magnetic field and its
geometry. Additionally, we identify two other MWDs
— SDSS J135141.13+541947.4 (hereafter SDSS J135141)
and Grw 70�8247 — whose linear polarization measure-
ments lead to strong constraints on ga�� . The upper
limits on ga�� from this work represent the strongest to-
date for few ⇥ 10�9 eV . ma . 10�6 eV. We show that
the axion-induced polarization signal is determined only
by the magnetic field strength and geometry far away
from the MWD surface, outside of the atmosphere, where
the free-electron plasma does not play an important role.
Lastly, we identify future MWD targets whose polariza-
tion observations could further constrain ga�� or lead
to evidence for axions at currently un-probed coupling
strengths. We begin, in Sec. II, by outlining the formal-
ism for how to compute the axion-induced polarization
signal.

II. AXION-INDUCED POLARIZATION

In this section we outline the formalism for comput-
ing polarization signals from astrophysical sources due
to axion-photon mixing. While we ultimately focus on
MWDs in this work, we begin with a more general sur-
vey of possible astrophysical targets. The basic idea be-
hind this work is to focus on sources where the initial
electromagnetic emission is known to be unpolarized but
where the radiation must traverse regions of large mag-
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limb darkening rule that changes the spectral shape of the
template with inclination angle i. The template is then
convoluted with a Gaussian that has standard deviation
σstark. This broadening is due to the Stark effect, accounting
for the electric field that is also present on the MWD
surface, and is the dominant broadening effect for these
lines. We treat σstark as a nuisance parameter that is
determined by maximum likelihood estimation.
For the 761 MG case, the absorption line appears at

approximately the same location across the entire hemi-
sphere, so that the resulting feature is highly localized
around 8530 Å. On the other hand, if the MWD had a lower
field strength of 400 MG, the feature would be significantly
broadened because the transition is not stationary at those
field strengths, and additionally the feature would appear at
shorter wavelengths∼8200–8600 Å. In the lower panel, we
fit expected flux models for each case to the SDSS data
[75]. The models are a power law background with free
index and normalization with the multiplicative absorption
template as shown in the middle panel. For the 761 MG
case, we see that the model prefers an absorption line,
indicating that the 761 MG dipole is a reasonable fit to the
data. On the other hand, for the 400 MG case, the fit finds
no evidence for a line. Following a similar procedure SDSS
J135141 was determined to have a 761.0! 56.4 MG field
[75], although that work fit to the broad-band flux spectra
over a much larger wavelength range encompassing many
absorption lines. In fact, Ref. [75] did not include the
wavelength range shown in Fig. 3 in their fit; the fact that
their best-fit model from lower wavelengths also explains
the 3d−1 − 2s0 absorption line feature provides nontrivial

evidence that the magnetic fields on the surface of the
MWD are ∼400−700 MG.

2. Polarization data

The linear polarization of SDSS J135141 was measured
in 2007 by [77] using the Special Astrophysical Observatory
(SAO) 6-m telescope with the Spectral Camera with Optical
Reducer for Photometric and Interferometrical Observations
(SCORPIO) focal reducer [78]. Across the wavelength
range 4000 Å to 6500 Å the linear polarization fraction
was measured to be Lp ¼ 0.62%! 0.4%. The uncertainty
on Lp is dominated by the systematic uncertainty, arising
from effects such as scattered light and ghosts [78], though
the exact systematic uncertainty accounting that goes into
the Lp measurement is not detailed in [77]. The linear
polarization fraction data from [77] is reproduced in Fig. 4.
An upper limit on the average axion-induced polariza-

tion fraction over the wavelength range Lp;axion may be
estimated by the requirement that axions not overproduce

FIG. 3. Top: the wavelength of the 3d−1 − 2p0 absorption line
as a function of magnetic field. The red shaded region indicates
the range of field strengths present on the surface, assuming the
best-fit dipole field of 761 MG from [75]. Middle: in solid black
is the 3d−1 − 2p0 line template for a 761 MG dipolar field; in
dashed black for 400 MG. Bottom: the flux of SDSS J135141 as
measured by SDSS DR7 (gray). In solid black is the best fit
spectrum assuming a 761 MG dipole field. In dashed black is the
best fit spectrum assuming a 400 MG dipole field.

FIG. 4. The linear polarization data as a function of wavelength
toward the MWD SDSS J135141 as observed by [77] with the
SAO 6-m telescope. We use a Gaussian likelihood to fit a model
to the data with three components: (i) the axion signal, (ii) the
astrophysical background, and (iii) an instrumental systematic
contribution. We assume that the axion signal and the instru-
mental systematic are wavelength-independent, while the astro-
physical background depends on wavelength as described in
Sec. III A 2. The axion signal and the instrumental systematic
contributions would be completely degenerate, given that the
systematic normalization parameter can take either sign, but
for the prior on the systematic nuisance parameter. The best fit
model, along with the axion contribution to that model, are
illustrated, along with the best-fit statistical uncertainties on the
data; the statistical uncertainty is treated as a hyperparameter that
is determined by maximum likelihood estimation. The red band
illustrates the allowed axion contribution at 1σ confidence. At the
best-fit point the astrophysical normalization is zero. Still, we
illustrate the astrophysical linear polarization model, with an
arbitrary normalization.
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Upper limit on the axion-photon coupling from magnetic white dwarf polarization
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Polarization measurements of thermal radiation from magnetic white dwarf (MWD) stars have
been proposed as a probe of axion-photon mixing. The radiation leaving the surface of the MWD
is unpolarized, but if low-mass axions exist then photons polarized parallel to the direction of the
MWD’s magnetic field may convert into axions, which induces a linear polarization dependent on
the strength of the axion-photon coupling ga�� . We model this process by using the formalism of
axion-photon mixing in the presence of strong-field vacuum birefringence to show that of all stellar
types MWDs are the most promising targets for axion-induced polarization searches. We then
consider linear polarization data from multiple MWDs, including SDSS J135141 and Grw+70�8247,
to show that after rigorously accounting for astrophysical uncertainties the axion-photon coupling
is constrained to |ga�� | . 5.4⇥10�12 GeV�1 at 95% confidence for axion masses ma . 3⇥10�7 eV.
This upper limit puts in tension the previously-suggested explanation of the anomalous transparency
of the Universe to TeV gamma-rays in terms of axions. We identify MWD targets for which future
data and modeling e↵orts could further improve the sensitivity to axions.

I. INTRODUCTION

Ultralight axion-like particles are hypothetical exten-
sions of the Standard Model that could be remnants
of new physics at energies well above those that may
be probed by collider experiments [1–3]. For exam-
ple, in String Theory compactifications it is common
to find a spectrum of ultralight axions [4, 5]. At low
energies the axions interact with the Standard Model
through dimension-5 operators suppressed by the high
scale fa & 107 GeV [6]. In particular, an axion a may
interact with electromagnetism through the Lagrangian
term L = ga��aE · B, where E and B are the electric
and magnetic fields, respectively, and ga�� / 1/fa is
the coupling constant. In this work, we set some of the
strongest constraints to-date on ga�� for low-mass axions
using white dwarf (WD) polarization measurements.

Axions are notoriously di�cult to probe experimen-
tally due to their feeble interactions with the Standard
Model. The most powerful approach at present to probe
ultralight axions purely in the laboratory is that em-
ployed by light shining through walls experiments, which
leverage the fact that photons and axions mix in the pres-
ence of strong magnetic fields; the ALPS [22] experiment
has constrained |ga�� | . 5 ⇥ 10�8 GeV�1 at 95% con-
fidence for axion masses ma . few ⇥ 10�4 eV. The up-
coming experiment ALPS-II [23] may reach sensitivity to
|ga�� | . 2 ⇥ 10�11 GeV�1 for a comparable mass range.
Going to lower coupling values, however, requires mak-
ing use of astrophysical axion sources in order to access
strong magnetic fields, longer distances, and higher lu-
minosities. For example, the CAST [13] experiment (see
Fig. 1) has set strong constraints on ga�� by looking for
axions produced in the Sun and then converting to X-
rays in the magnetic field of their detector, and the fol-
lowup project IAXO [24] may be able to cover significant
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Figure 1. Constraints on the axion-photon coupling ga��
arise from searches for axion-induced X-rays from super star
clusters [7] and a nearby MWD [8] in addition to gamma-
rays from SN1987A [9], searches for spectral irregularities
with Fermi-LAT [10, 11] and H.E.S.S. [12], the CAST ax-
ion helioscope [13], HB star cooling [14], and constraints from
SHAFT [15], ABRACADABRA [16, 17], ADMX [18, 19], and
RBF+UF [20, 21] that are contingent on the axion being dark
matter. The fiducial 95% upper limit from this work from the
non-observation of linear polarization from SDSS J135141 is
computed assuming the most conservative (at 1�) magnetic
field strength, MWD radius, and orientation. The shaded or-
ange region shows how the limits change when considering
astrophysical uncertainties; the dominant uncertainty is the
inclination angle. The limit found using the best-fit astro-
physical parameters for the MWD is also indicated.

unexplored parameter space (|ga�� | . 4 ⇥ 10�12 GeV�1

for ma . 5 ⇥ 10�3 eV). Purely astrophysical probes cur-
rently set the strongest constraints on ga�� at ultra-low
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1. Order of 
magnitude 
improvement 
possible with 
dedicated data 

2. How do we 
move to 
parametrically 
smaller 
couplings?
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QUESTIONS?

IF IT’S OUT THERE, WE WILL FIND IT! 


