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KICP Fellows circa 2015

fond memories
• KICP Jamboree + PD symposium
• Thunch … journal club
• KICP seminar run by fellows
• lunch with colloquium speakers
• the stitch + coffee
• support for workshops
• outreach:  life-long learning
• interdisciplinary:   particle physics 

+ cosmology + astrophysics
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A triumph of science!
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Successes
known physics

describes the properties of the 
known elementary particles and 
the forces by which they interact

allows for precision calculation

a predictive framework

Puzzles
hints of new physics

Why is the Higgs light? 
Why don’t couplings unify?
Why are neutrinos massive?
Why three generations?
Why is there dark matter?
Why is there dark energy?
Why less antimatter?
Why homogenous & isotropic?
Why no strong CP violation?

Standard Model 
of the 

Elementary Particles
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A puzzle with the neutron’s electric dipole moment
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naïve dimensional analysis
dn ⇠ e⇥ fm ⇠ 10�13e cm

<latexit sha1_base64="skbhOuXeoaEmgLFPZj54S/mb034="></latexit>

dn < 10�26e cm
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⇠ fm
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qu = +2e/3
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qd = �e/3
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the strong nuclear force 
exhibits a symmetry (CP)

consider this configuration:
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dn ! 0 as ✓ ! 0



Why does the strong nuclear force exhibit CP symmetry?
this is called the Strong CP Problem

* more precisely: why is                                  fine-tuned?
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⇥̄ = ⇥+Arg det Mq ⌧ 1
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Dynamical relaxation to zero
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[Peccei, Quinn, Weinberg, Wilczek 1977-78]

It turns out that q costs energy:

174 Chapter 5 Instantons

A particle on a one-dimensional topologically nontrivial manifold, the circle.

Nontrivial topology in the space of gauge fields in the/C direction. The circumference of the circle is 1. The vertical

lines indicate the strength of the potential acting on the effective degree of freedom living on the circle.

point at the bottom of the circle. For such small oscillations, the existence of the upper part
()fthe circle plays no role. It could be eliminated altogether with no impact on the zero-point
oscillations.

From studies in quantum mechanics we know, however, that the genuine ground-state
wave function is different. The particle oscillating near the origin "feels" that it could
wind around the circle on which it belongs, by tunneling through the potential barrier it
experiences at the top of the circle (the barrier is similar to that shown in Fig. 5.2)

To single out the relevant degree of freedom in the infinite-dimensional space of the gluon
lields, it is necessary to proceed to the Hamiltonian formulation ofYang Mills theory This
implies, of course, that the time component of the four-potential has to he gauged away,

= 0. Then,

fd3x + (18.3)

where 7-1 is the Hamiltonian and the = are to be treated as canonical momenta.
Two subtle points should be mentioned in connection with this Hamiltonian. First, the

equation div EU = pU, intrinsic to the original Yang Mills theory, does not stem from
this Ilamiltonian per se. This equation must he imposed by hand, as a constraint on the

A:
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A dynamical q relaxes to zero:

promote q to a field
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By-product:  a new particle
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Axion Fact Sheet
•  SPIN = 0
•  CHARGE = 0 
•  COLOR = 0 

      ~~~~~~~~~~~~~~~~~~
  (model-dep)

•  MASS = ultralight (µeV)
•  INTERACTIONS = feeble
•  LIFETIME = cosmological

Quantum excitations around q=0 
are a new kind of particle
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The QCD Axion’s cousins:   axion-like particles
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[axions in string theory:  Svrcek & Witten (2006), Arvanitaki et al (2009)]

Whereas the QCD Axion plays a special 
role of solving the Strong CP Problem, 

axion-like particles (ALPs) are generic in 
theories Beyond the Standard Model.

ALPs from symmetry breaking
(similar to pions in QCD)

ALPs from extra dimensions
(such as string theory)

3 extended spatial dimensions

N compactified 
internal dimensions



Does the QCD axion or an ALP exist in nature?
What is its mass scale?

How does it interact with the SM?
Is it stable, or otherwise, what is its lifetime?

How is it produced in the Universe today?
How was it produced in the early Universe?

Is it connected to dark matter, baryogenesis, inflation, etc?
… 



Astrophysical Probes
observe the influence of axions 

on stars, gas, & compact objects

Cosmic Probes
observe the influence of 

axions on cosmological relics

Terrestrial Probes
create axions on Earth or detect 
axions as they pass by the Earth
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Stars emit axions
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Various channels for axion emission
(different channels dominate for different star types)

neutron

neutron

axion

electron 
bremstrahlung

(white dwarf)

neutron 
bremstrahlung

(neutron star)
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Primakoff effect
(main sequence, giants)

axion
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What kinds of stars emit axions?
let’s look at some examples
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Example:   white dwarf stars
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[Krauss, Moody, & Wilczek (1984)]  [Raffelt (1986)]
[Nakagawa, Adachi, Kohyama, & Itoh (1987,88)]
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[Miller Bertolami et. al. (2014)]

gaee < 3⇥ 10�13 (3�)
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[Buschmann, Dessert, Foster, AL, & Safdi (2021)]

Example:   neutron stars
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Example:   supernovae
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[constraints:  Chang, Essig, McDermott (2018)]

SN 1987A Neutrino burst
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how to test that stars emit axions?
we want a signal, not just a constraint!
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Axions convert to photons in a B-field

20
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Example:  our Sun
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axion

X-ray
CAST
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have figure of merit 10 times better than the CAST magnet. This magnet combined with the

X-ray optics and low-background detector will serve as intermediate step (so called BabyIAXO)

towards the final IAXO setup. The BabyIAXO experiment will provide sensitivity suitable for

exploring yet unexplored part of the axion/ALP parameter space.

3.2. IAXO physics cases and sensitivity

The main goal of the IAXO experiment is to search for solar axions and ALPs produced by the

axion-photon coupling. The predicted IAXO sensitivity will enter into completely unexplored

axion/ALP parameter space (figure 3). The most important task for IAXO will be to explore

a broad range of realistic QCD axion models at high-mass end of the parameter region. Also,

IAXO will be able to test some yet unexplained astrophysical observations. At the low-mass end

(below 10
�7

eV) the region attainable by IAXO includes ALP parameters invoked to explain

anomalies in high-energy gamma ray propagation over astronomical distances. IAXO would

provide a definitive test of this hypothesis. At the high-mass part of the parameter space,

IAXO will be able to test the hypothesis that axions/ALPs could explain many astrophysical

observations of anomalous cooling of di↵erent types of stars. From cosmological point of view,

most of the region reachable by IAXO contains possible dark matter candidates. Also, the

high-mass end could be of great importance in describing both inflation and dark matter.
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Figure 3. The axion/ALP

parameter space. The yellow

band represents the QCD ax-

ion models. Already excluded

regions by laser experiments,

haloscopes, and helioscopes

(CAST) are shown. The

dashed lines show prospects

for future searches with

haloscopes, laser experiments

(ALPS-II) and helioscopes

(BabyIAXO and IAXO). The

lower IAXO line shows the

improved sensitivity, com-

pared to the original design,

when the new magnet design

(to be tested in BabyIAXO)

is included.

Additional physics cases for IAXO include searches for solar axions or ALPs produced by the

axion-electron coupling. Similarly IAXO will test models of other proposed particles at the low

energy frontier of particle physics, like hidden photons or chameleons. In addition, the IAXO

magnet will be conceived to easily accommodate new equipment (e.g., microwave cavities or

antennas) to search for relic axions (dark matter axions in the galactic halo).
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[D. E. Morris (1986)]  [Raffelt & Stodolsky (1987)]
[Gill & Heyl (2011)]  [Fortin & Sinha (2018)]
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Strong magnetic field:
    è  Neutron stars (magnetars):  ~1012 – 1015 G
    è  Magnetic white dwarfs:         ~106 – 109 G

Filling large volume:
    è  Neutron stars (magnetars):  ~10 km
    è  Magnetic white dwarfs:         ~ 0.01 Rsun

Hot plasma radiates axions:
    è  Core temperature:  107 K ~few keV 
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Ea = Tcore = E� = X-ray

signal = thermal X-ray emission (Tcore ~ 107 K ~ keV)
background = surface emission negligible (Tsurface~ 104 K)
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Expected X-ray signal from MWDs
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top 10 magnetic white dwarf candidates

rank by 
expected 
X-ray flux
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X-ray signatures of axion conversion in magnetic white dwarf stars
Supplementary Material

Christopher Dessert, Andrew J. Long, and Benjamin R. Safdi

This Supplementary Material is organized as follows. Section I includes a list of several MWD stars that are expected to
be promising candidates for observations of axion-induced X-ray flux. In Sec. II we present a more general formalism for
calculating the axion-to-photon conversion probability to account for the fact that the axions are emitted isotropically and ho-
mogeneously throughout the WD core. In Sec. III we perform a more detailed study of the X-ray emission from RE J0317-853,
including a more accurate modeling of its magnetic field structure, an assessment of uncertainties in its temperature measure-
ments, and an evaluation of its X-ray spectrum. Finally Sec. IV presents the radiatively-induced axion-electron coupling that
arises from the axion-photon coupling, which allows us to recast our limit on |ga�� gaee| in terms of the axion-photon coupling
alone.

I. ADDITIONAL MWD CANDIDATES FOR X-RAY OBSERVATION

In the main text we have focused our analysis on the MWD star RE J0317-853, since it is expected to have a particularly
strong X-ray flux, and because X-ray data is already available from Suzaku. However, there are over 200 MWD stars with
well-measured field strengths, temperatures, and distances. For each of these stars, we calculate the expected axion-induced
X-ray flux in the 2� 10 keV energy window, denoted by F2�10, assuming ma = 10�9 eV and ga��gaee = 10�24 GeV�1. The
flux is insensitive to the axion mass in the limit ma ! 0, and more generally the flux has an overall scaling with the couplings,
F2�10 / (ga��gaee)2.

Our results are summarized in Table I, which shows the ten MWDs with the largest predicted X-ray flux, F2�10. We con-
structed a full list by merging the SDSS DR7 magnetic WD catalog [73], a review MWD catalog [16], and Gaia DR2 WD
catalog [58]. The former two provide the magnetic field strengths and temperatures of the WDs, while the latter provides dis-
tances, luminosities, masses, and radii, if known. Since the mass and radius of WD 2010+310 are not known, we take its mass
to be MWD = 1M�, and we infer its radius from the Stefan-Boltzmann law.

TABLE I. MWD stars that make good candidates for measurement of their secondary, axion-induced X-ray flux. The columns correspond to
the star’s mass in solar masses, radius in solar radii, luminosity in solar luminosities, effective temperature in Kelvin, magnetic field strength in
mega-Gauss, distance from Earth in parsecs, and predicted X-ray flux from 2 � 10 keV in erg/cm2/s, calculated assuming ma = 10�9 eV
and ga��gaee = 10�24 GeV�1. The parameters were obtained by merging the catalogs in Refs. [16, 58, 73]. We infer the mass and radius of
WD 2010+310 as discussed in the text.

MWD [M�] RWD [R�] L� [L�] Te↵ [K] B [MG] dWD [pc] F2�10 [erg/cm2/s]

RE J0317-853 1.32 0.00405 0.0120 30000 200 29.54 6.8⇥ 10�14

WD 2010+310 1⇤ 0.00643⇤ 0.00566 19750 520 30.77 4.4⇥ 10�14

WD 0041-102 (Feige 7) 1.05 0.00756 0.00635 18750 35 31.09 3.0⇥ 10�14

WD 1031+234 0.937 0.00872 0.0109 20000 200 64.09 2.3⇥ 10�14

WD 1533-057 0.717 0.0114 0.0121 18000 31 68.96 1.3⇥ 10�14

WD 1017+367 0.730 0.0111 0.0082 16500 65 79.24 7.1⇥ 10�15

WD 1043-050 1.02 0.00787 0.00388 16250 820 83.33 5.4⇥ 10�15

WD 1211-171 1.06 0.00754 0.00992 21000 50 92.61 5.4⇥ 10�15

SDSS 131508.97+093713.87 0.848 0.00968 0.01347 20000 14 101.7 3.5⇥ 10�15

WD 1743-520 1.13 0.00681 0.00184 14500 36 38.93 2.9⇥ 10�15

II. THE PROBABILITY FOR AXION-PHOTON CONVERSION IN A GENERAL MAGNETIC FIELD BACKGROUND

In this section we present a more general formalism to calculate the axion-photon conversion probability, and in the following
section we apply this calculation to study the X-ray emission from RE J0317-853 in more detail. Interactions between the axion

(for ma = 10-9 eV and |gaee gagg| = 10-24 GeV-1)
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gaee = 10�13

ga�� = 10�11 GeV�1

MWD = 1.32 M�

dWD = 29.54 pc

Tc = 2⇥ 107 K

= 1.7 keV

quasi-thermal spectrum

[Dessert, AL, Safdi, arXiv:1903.04088]

rising through 1-10 keV where 
backgrounds are falling

1000’s of known WDs (Gaia), but only 
100’s have B-field measurements
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Chandra observation
    è  37.42 ks (~10 hr) of data, Dec 18, 2020
    è  No photon counts observed near source
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Radio from the galactic center probes axion dark matter

25

[Hook, Kahn, Safdi, Sun (2018)],  [Safdi, Sun, Chen (2018)],  [Foster et al (2022)]

constraints derived from an analysis of 
archival Green Bank Telescope dataaxion 

dark matter
radio

neutron star
@ galactic center
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have we missed any interesting channels?
let’s look at exotic axion couplings
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ALP emission from exotic couplings
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standard axion couplings exotic axion couplings
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astro implications:
• axion emission off of 

muons in a neutron star

• baryon-destruction in a 
neutron star & heating

• connections with lab 
probes of axion LFV & 
BNV interactions

<latexit sha1_base64="CizOJdFKLH7tEkvAZsZQyxSYgJo=">AAABzXicdY5LS8NAFIVn6qvWV9Slm8FuXEhMSutjIRTciAhWsA8wNdyMYzp0JgkzE6HEuPX/ufOfuLRpg6DigQsf59zLuUEiuDaO84ErC4tLyyvV1dra+sbmlrW909Nxqijr0ljEahCAZoJHrGu4EWyQKAYyEKwfjC+KvP/MlOZxdGcmCRtKCCP+xCmYqeVbwpNgRpqq7Dr3Z6xkxiOTk3MS+hl4iebF5MQ7JF4CynAQ08WUwMwJQGVlHoKU8FBEc/RbpEjIEWkQ6RfoW3XHPivUIq7tzPQX6qhUx7euvMeYppJFhgrQ+t51EjPMii+oYHnNSzVLgI4hZJmclKR/+4YpqfNp+f+d39Br2O6x3bxt1tun5RtVtIf20QFy0Qlqo0vUQV1E0Tv6xBhX8A1O8Qt+na9WcHmzi34Iv30BUVCAOQ==</latexit>

Lint = ga  @µa  ̄�
µ�5 /2m 

[Zhang, Hagimoto, & AL, 2309.03889]
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ALP emission from exotic couplings
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electron

axion

muon
LFV:

[Zhang, Hagimoto, & AL, 2309.03889]
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109 K ⇡ 86.2 keV

axion emissivity

constraints on axion-LFV interactions

• for a neutron star, strong lab limits 
imply that axion emission is 
subdominant to standard neutrino 
emission via the Murca processes

• due to the strong temperature 
dependence, much stronger limits 
can be derived from SN 1987A by 
considering its hot proto-neutron star



can axions source their own electromagnetic radiation
let’s look at compact clumps of cold axions
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What if the axion DM is clumped up?
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dense axion star:  
a coherent “clump” of axion dark matter
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induced
electric dipole
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magnetic dipole

a source of EM radiation!

[Amin, AL, Mou, Saffin, arXiv:2103.12082]
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◆�1

axion-to-photon conversion, when the plasma frequency approximately matches the energy of
the axion particles (see, for example, [7]). While our simulations do not include the e↵ects of
a plasma, we are able to incorporate this resonant conversion in our calculation analytically
in the small coupling regime. We also comment on the relevance of a coherent solitonic
configuration compared to an incoherent collection of dipoles, as well as the connection of
our results to the well-known quantum mechanical calculation related to the axion-photon
conversion probability (see, for example, [56]).

The remainder of this article is organised as follows: In Sec. 2 we briefly introduce the
model of interest, namely axion electrodynamics, and in Sec. 3 we introduce axion stars. In
Secs. 4 and 5 we employ analytical and numerical techniques to calculate the spectrum of
electromagnetic radiation that arises from an axion star in an external electromagnetic field.
In Sec. 6 we comment on a few supplemental topics such as finite density and coherence
e↵ects, and in Sec. 7 we discuss several possible observational signatures. Finally, we sum-
marize and conclude in Sec. 8. We include an Appendix A with details of the dipole radiation
calculation.

2 Axion electrodynamics

Our system consists of a real valued, pseudo-scalar field � coupled to the electromagnetic
field. The action for our system is given by

S =

Z
d4

x


�

1

2
@µ�@

µ
� � V (�) �

1

4
Fµ⌫F

µ⌫
�

ga�

4
�Fµ⌫F̃

µ⌫

�
, (2.1)

where we adopt the � + ++ signature of the metric. The electromagnetic field-strength
tensor, and its dual are:

Fµ⌫ = @µA⌫ � @⌫Aµ , F̃
µ⌫ =

1

2
✏
µ⌫⇢�

F⇢�, (2.2)

where ✏
0123 = 1. The equations of motion for the axion and the gauge fields are given by

@µ@
µ
� � @�V =

ga�

4
Fµ⌫F̃

µ⌫
,

@µF
µ⌫ = �j

⌫
, @µF̃

µ⌫ = 0 ,

(2.3)

where
j
⌫

⌘ ga�@µ�F̃
µ⌫

. (2.4)

Note that @µj
µ = 0, and that we have assumed that there are no free currents or charges in

our system. The above four-current arises from axion-electromagnetic interactions.
We define electric and magnetic fields in the usual way

Ei = Fi0 and Bi = (1/2)✏ijkF
jk

, (2.5)

with ✏ijk = ✏
ijk. The coupled Klein-Gordon and Maxwell equations are then given by [80]

�̈ � r
2
� + @�V = ga�E · B ,

Ė = r ⇥ B � ga�

⇣
�̇B + r� ⇥ E

⌘
,

Ḃ = �r ⇥ E ,

r · E = �ga�r� · B ,

r · B = 0 .

(2.6)

– 3 –

coupling to electromagnetism:  
new terms in Maxwell’s equations

<latexit sha1_base64="0G23IAsur5fmP8bGB3fKdOo24gw=">AAABp3icdY7LSsNAFIZP6q3WW9Slm8FudGFIJCouhIJQRAQr2AuYEibTaTp0JgkzU6EM80Y+jTvRh7GtQVDxW338/zmckxScKe37b05laXllda26XtvY3NrecXf3OiqfSELbJOe57CVYUc4y2tZMc9orJMUi4bSbjK/nffeZSsXy7FFPC9oXOM3YkBGsZ1HsNiOB9UgRae5svHApDMu0RVfoBEV6KDExgTWhRWlscJRiIbBFUTFiqDnrGR9Q07SxW/e9yzlnKPD8BX+lDiWt2L2NBjmZCJppwrFST4Ff6L7BUjPCqa1FE0ULTMY4pUZMS1O/c02lUPPj/9/8ls6pF5x74UNYb/jlG1U4gEM4ggAuoAE30II2EHiBV3iHD+fYuXc6Tu9rtOKUO/vwAwd/Ajvhc4w=</latexit>

Lint = � 1
4ga��FF̃

effective charge density

effective current density
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EM radiation from an axion clump
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[Amin, AL, Mou, Saffin, arXiv:2103.12082]
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lattice simulation:  
radiation from clump in external B/E fields

EM power radiated:  
departure from dipole approx. at larger coupling
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Astrophysical Probes
observe the influence of axions 

on stars, gas, & compact objects

Cosmic Probes
observe the influence of 

axions on cosmological relics

Terrestrial Probes
create axions on Earth or detect 
axions as they pass by the Earth
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Axion dark radiation influence on CMB
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[Baumann, Green, & Wallisch (2016)]
[CMB S4 Science Book (2016)]

Precision CMB measurements 
constrain the presence of a “dark 

radiation” in the Universe
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Decaying axion radiation & BBN
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[Cadamuro & Redondo (2011)]

Axions decay through their 
coupling to photons

<latexit sha1_base64="lJJ8rAX4XerhJasl85i7ji+Vm3w=">AAAB93icbVA9SwNBEJ2LXzF+RS1tDoNgFe5E1DJoY5mA+YDkCHubuWTJ7t6xuyeEI7/AVms7sfXnWPpP3CRXmMQHA4/3ZpiZFyacaeN5305hY3Nre6e4W9rbPzg8Kh+ftHScKopNGvNYdUKikTOJTcMMx06ikIiQYzscP8z89jMqzWL5ZCYJBoIMJYsYJcZKDdIvV7yqN4e7TvycVCBHvV/+6Q1imgqUhnKiddf3EhNkRBlGOU5LvVRjQuiYDLFrqSQCdZDND526F1YZuFGsbEnjztW/ExkRWk9EaDsFMSO96s3E/7xuaqK7IGMySQ1KulgUpdw1sTv72h0whdTwiSWEKmZvdemIKEKNzWZpSyimNhN/NYF10rqq+jfV68Z1pXafp1OEMziHS/DhFmrwCHVoAgWEF3iFN2fivDsfzueiteDkM6ewBOfrF2oCk4Q=</latexit>a
<latexit sha1_base64="a6iKRhj1M9Zdnz0lYrgCQEAl37Y=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxjKC+YDkCHObvWTN7t2xuyeEEH+DrdZ2Yut/sfSfuEmuMIkPBh7vzTAzL0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8aug4VZTVaSxi1QpQM8EjVjfcCNZKFEMZCNYMhrdTv/nElOZx9GBGCfMl9iMecorGSo1OH6XEbrHklt0ZyCrxMlKCDLVu8afTi2kqWWSoQK3bnpsYf4zKcCrYpNBJNUuQDrHP2pZGKJn2x7NrJ+TMKj0SxspWZMhM/TsxRqn1SAa2U6IZ6GVvKv7ntVMTXvtjHiWpYRGdLwpTQUxMpq+THleMGjGyBKni9lZCB6iQGhvQwpZATmwm3nICq6RxUfYuy5X7Sql6k6WThxM4hXPw4AqqcAc1qAOFR3iBV3hznp1358P5nLfmnGzmGBbgfP0CS72VtA==</latexit>�

<latexit sha1_base64="a6iKRhj1M9Zdnz0lYrgCQEAl37Y=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxjKC+YDkCHObvWTN7t2xuyeEEH+DrdZ2Yut/sfSfuEmuMIkPBh7vzTAzL0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8aug4VZTVaSxi1QpQM8EjVjfcCNZKFEMZCNYMhrdTv/nElOZx9GBGCfMl9iMecorGSo1OH6XEbrHklt0ZyCrxMlKCDLVu8afTi2kqWWSoQK3bnpsYf4zKcCrYpNBJNUuQDrHP2pZGKJn2x7NrJ+TMKj0SxspWZMhM/TsxRqn1SAa2U6IZ6GVvKv7ntVMTXvtjHiWpYRGdLwpTQUxMpq+THleMGjGyBKni9lZCB6iQGhvQwpZATmwm3nICq6RxUfYuy5X7Sql6k6WThxM4hXPw4AqqcAc1qAOFR3iBV3hznp1358P5nLfmnGzmGBbgfP0CS72VtA==</latexit>�
<latexit sha1_base64="oWCqiCBFlxRIvSzMf8ETNV4WJG0=">AAACInicbVDLTgIxFO3gC/GFunTTSEyMCzKDRF2SuNAlJoIkzDC5Uwo0tDOTtmNCJvyDH+E3uNW1O+PKxI1/YgdYCHiSNifn3Jt77wlizpS27S8rt7K6tr6R3yxsbe/s7hX3D5oqSiShDRLxSLYCUJSzkDY005y2YklBBJw+BMPrzH94pFKxKLzXo5h6Avoh6zEC2kh+8cy9ASHAB+zGMop1hPt+Cm4/E6f/uFPBwofOuV8s2WV7ArxMnBkpoRnqfvHH7UYkETTUhINSbceOtZeC1IxwOi64iaIxkCH0advQEARVXjq5aYxPjNLFvUiaF2o8Uf92pCCUGonAVArQA7XoZeJ/XjvRvSsvZWGcaBqS6aBewrE5PQsId5mkRPORIUAkM7tiMgAJRJsY56YEYmwycRYTWCbNStm5KFfvqqVabZZOHh2hY3SKHHSJaugW1VEDEfSEXtArerOerXfrw/qcluasWc8hmoP1/Qv6a6R2</latexit>

�a / g2a��m
3
a

Axion decays during 
nucleosynthesis would disrupt 

the abundance of light elements.

D

Γ 4He

Γ D

Neff

4He 4He

Hadr

"4 "2 0 2 4
"4

"2

0

2

4

6

8

10

Log10 mΦ !MeV"

L
o
g

1
0
Τ
!s
"



astro & cosmo probes of axions Andrew Long   (Rice University)

Another way of probing axions with the CMB
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[Harvey & Naculich (1989)],  [Carroll, Field, Jackiw (1990,91)],   [Harari, Sikivie (1992)]
[Fedderke, Graham, Rajendran (2019)], [Agrawal, Hook, Huang  (2019)]

[Yin, Dai, Ferraro (2021) & (2023)]

* birefringence can be measured through E-B cross correlation

CMB !
axion string loop

rotated 
CMB !
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axion-induced birefringence:  
an electromagnetic wave 

traveling through a varying axion field 
has its plane of polarization rotated
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assume interaction 
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standard Chern-Simons coupling
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effect of the whole network:
anisotropies build up over time

[Jain, Hagimoto, AL, Amin]
[simulation:  Buschmann et. al. (2022)]
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⇤ need ma . 3Hcmb ⇡ 10�28 eV for the network to survive until after recombination

axions can form cosmic strings
network evolves throughout the cosmic history
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" −$%&'	
pol pattern

<latexit sha1_base64="ucD0x2nt8f3tKcNw+/6KSuP+1Kk=">AAACOXicbVDLSgMxFM3UV62vUZdugkVwVWakaJdFEVxW6As6Q8mkt21oJjMmGaEM/S03/oU7wY0LRdz6A6btINp6IHA45z5yTxBzprTjPFu5ldW19Y38ZmFre2d3z94/aKookRQaNOKRbAdEAWcCGpppDu1YAgkDDq1gdDX1W/cgFYtEXY9j8EMyEKzPKNFG6to1L4ABEyk1M9QEe5yIAQdcv8SenFNPwB12sOf9mNfLJoheNqJrF52SMwNeJm5GiihDrWs/eb2IJiEITTlRquM6sfZTIjWjHCYFL1EQEzoiA+gYKkgIyk9nl0/wiVF6uB9J84TGM/V3R0pCpcZhYCpDoodq0ZuK/3mdRPcrfspEnGgQdL6on3CsIzyNEfeYBKr52BBCJTN/xXRIJKHahF0wIbiLJy+T5lnJPS+Vb8vFaiWLI4+O0DE6RS66QFV0g2qogSh6QC/oDb1bj9ar9WF9zktzVtZziP7A+voGY+asCQ==</latexit>(
hTBi 6= 0

hEBi 6= 0

axion string -induced 
birefringence angle Planck’s CMB skyprimordial CMB sky

<latexit sha1_base64="e9i3RfjH66sdPs9qHk5A5yj3T/I="></latexit>

T (n̂) ! T (n̂)

[Q± iU ](n̂) ! [(Q± iU)e±2i��](n̂)

How does birefringence affect 
the CMB’s temperature and 

polarization?

(exaggerated by ~30x)

Signal of axion string-induced 
cosmological birefringence) −$%&'	

pol pattern <latexit sha1_base64="2UlwtBNP0hdE6byvSDxv857BRGE="></latexit>

Ceb
` ⇠ sin(4↵)

�
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measurements of CMB polarization:
no evidence for anisotropic birefringence

[Jain, Hagimoto, AL, Amin]

a constraint on axion strings networks
& their coupling to electromagnetism:

Planck 2018
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<latexit sha1_base64="1uChGPJa5ts8CD6+iQfMdvmkkws=">AAACGnichY5LS8NAFIVn6qvWV9WlCwcLUheWRIquhIoIxYVWsA8wJUym13boJBMyN9Ja+k/8I27diVs3/hsTzcaKeFaHc+937/FCJQ1a1gfNzc0vLC7llwsrq2vrG8XNrZbRcSSgKbTSUcfjBpQMoIkSFXTCCLjvKWh7w/N03n6AyEgd3OI4hK7P+4G8l4JjErnFZ8fnOBBcTc6mbJ+dMgdhhJOe9CFIIQXGMD5K3GE40KgDJnScFAv6U+Y4rOCMpGv9CSqtQ9ZLAxyzcj32klosDiSagwx/BOT/HVAQ9HEwy7vFklWxvsR+GzszJZKp4RYvnZ4WcXIeheLG3NlWiN0Jj1AKBdOCExsIuRjyPkz8cebMbI4Q+SZ9bs+++m1aRxX7uFK9qZZq5axGnuyQPVImNjkhNVInDdIkgu7SC3pFr+kTfaGv9O17NUczZpv8EH3/BAkWnLE=</latexit>

A = dimensionless axion-photon coupling

⇠0 = dimensionless loop density (Hubble units)

⇣0 = dimensionless loop length (Hubble units)

<latexit sha1_base64="46GJyxvOpk2+O6uktRYwgtokGuc=">AAABnXicZY7LTsJAFIbP4A3xVnXpwolg4qppESUaFhhiYgwxGLklDjbTYcQJ00s6g4E05WF8Gre6820U7Ub4Vl/+c07+44ZSKG1ZXyiztLyyupZdz21sbm3vGLt7bRWMIsZbLJBB1HWp4lL4vKWFlrwbRpx6ruQdd1ibzTuvPFIi8Jt6EvKeRwe+eBaM6p/IMSpE87GOHxrNmCiGw0Aml9NpgXhUvzAq46vkqYjJWDgWruBTs1zAVOOLM3KMa/XEMfKWaf2CF8VOJQ8pDce4Jf2AjTzuayapUo+2FepeTCMtmORJjowUDykb0gGPvUlqaj7XPPLUrNyer1qUdtG0z83SfSlftdI3snAAR3ACNpShCjfQgBYweIN3+IBPdIiuUR3d/a1mUHqzD/9AnW9DJmyY</latexit>

SPTPOL: A2⇠0 < 3.7 at 95% CLalready valuable constraints:



astro & cosmo probes of axions Andrew Long   (Rice University)

Implications

39

CMB observations constrain:
<latexit sha1_base64="46GJyxvOpk2+O6uktRYwgtokGuc=">AAABnXicZY7LTsJAFIbP4A3xVnXpwolg4qppESUaFhhiYgwxGLklDjbTYcQJ00s6g4E05WF8Gre6820U7Ub4Vl/+c07+44ZSKG1ZXyiztLyyupZdz21sbm3vGLt7bRWMIsZbLJBB1HWp4lL4vKWFlrwbRpx6ruQdd1ibzTuvPFIi8Jt6EvKeRwe+eBaM6p/IMSpE87GOHxrNmCiGw0Aml9NpgXhUvzAq46vkqYjJWDgWruBTs1zAVOOLM3KMa/XEMfKWaf2CF8VOJQ8pDce4Jf2AjTzuayapUo+2FepeTCMtmORJjowUDykb0gGPvUlqaj7XPPLUrNyer1qUdtG0z83SfSlftdI3snAAR3ACNpShCjfQgBYweIN3+IBPdIiuUR3d/a1mUHqzD/9AnW9DJmyY</latexit>

SPTPOL: A2⇠0 < 3.7 at 95% CL

Typical axion-photon coupling: Typical loop abundance:
<latexit sha1_base64="3GCExiyUXqNen7FqwunoBjx++D8=">AAABcnicZY7NSsNAFIVv6l+tf6nudBPNxoXUjBZdCRE34qqCaQumhMl4rUNnkjAzUUrIo7jVZ/I9fACrzMb2W32cy+WctBBcmyD4chpLyyura8311sbm1vaO297t67xUDCOWi1wNU6pR8Awjw43AYaGQylTgIJ3c/N4Hr6g0z7MHMy1wJOk448+cUTOLErcdS2peGBXVde1deeT0PHH9oBP84S0KseKDpZe4d/FTzkqJmWGCav1IgsKMKqoMZwLrVlxqLCib0DFWcmpNz+cGldT1rJzMVy1K/6xDLjrd+64fhnZGEw7gCI6BwCWEcAs9iIDBG7zDB3zCt7PvHDp2c8OxP3vwD+fkB89hXaM=</latexit>

A = 1/3
<latexit sha1_base64="3PLIUOuTFFzsvH+Ngduxet8Dgwc=">AAABaXicZY7LSsNAFIbP1Futt1Q3optgNq7CjBZdCQE34qqCaYumhMl4LEMnmTAzEUvpW7jV9/IZfAmrZmP7rT7+cw7/yUolraP0kzRWVtfWN5qbra3tnd09r73fs7oyAmOhlTaDjFtUssDYSadwUBrkeaawn42vf+b9FzRW6uLeTUoc5nxUyGcpuJtHD8mrTKl/5Z/T1AtoSH/xl4XVEkBNN/VukyctqhwLJxS39pHR0g2n3DgpFM5aSWWx5GLMRzjNJ7XZxdyhye1sXs4Wq5aldxayi7Bz1wmiqH6jCcdwAqfA4BIiuIEuxCCggDd4hw/4Im1ySI7+VhukvjmAf5DgG3xbWlk=</latexit>

⇠0 = 30

<latexit sha1_base64="zVFbF46txCECr4uQbGUs1xuEMNs=">AAABgHicZY5NT8JAEIZn6xfiB1WPHmzkwqm2QDTxhPFiPGFigcRis11H3LDtbna3BkI4+mu86o/x34jai/Ccnrwzk3dSJbixQfBFnLX1jc2tynZ1Z3dvv+YeHPaMLDTDiEkh9SClBgXPMbLcChwojTRLBfbT8fXPvP+K2nCZ39upwmFGRzl/5ozaRZS4J3FG7QujYnY1f2x68YQngRdTpbSceC2/lbj1wA9+8VYlLKUOJd3EvY2fJCsyzC0T1JiHMFB2OKPaciZwXo0Lg4qyMR3hLJuWZpZzizoz80V5uFy1Kr2mH5777bt2vdMp36jAMZxCA0K4gA7cQBciYPAG7/ABn8QhDXJGwr9Vh5Q3R/APcvkNQ7liZg==</latexit>

A2⇠0 ⇡ 3.3

… already probing an O(1) anomaly coefficient!
… but still large uncertainties in x0 (from sims)
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Projected sensitivity
Pogosian et. al. (2019)

<latexit sha1_base64="d7nlwgLPX8c9GYxh0e7cPTRd4oU=">AAACGnicbVC7SgNBFJ2Nrxhfq5Y2Q4IQEeJuCNFGiKSxSBHBPCC7LrOT2WTI7IOZWSEs6f0Iv8FWazuxtbH0T5wkW5jEAxcO59zLvfe4EaNCGsa3lllb39jcym7ndnb39g/0w6O2CGOOSQuHLORdFwnCaEBakkpGuhEnyHcZ6bij+tTvPBIuaBjcy3FEbB8NAupRjKSSHD1/41iIRUMEr2Gj2Dg3z+pO4yGVLmDZiqijF4ySMQNcJWZKCiBF09F/rH6IY58EEjMkRM80ImkniEuKGZnkrFiQCOERGpCeogHyibCT2S8TeKqUPvRCriqQcKb+nUiQL8TYd1Wnj+RQLHtT8T+vF0vvyk5oEMWSBHi+yIsZlCGcBgP7lBMs2VgRhDlVt0I8RBxhqeJb2OL6E5WJuZzAKmmXS2a1VLmrFGrVNJ0sOAF5UAQmuAQ1cAuaoAUweAIv4BW8ac/au/ahfc5bM1o6cwwWoH39AuuTnto=</latexit>

A↵ = L(L+ 1)C↵
L/2⇡

diagonal = allows multipoles to vary independently
horizontal = restricts to a scale invariant spectrum

future telescopes
probes of isotropic + aniso. birefringence

40

future CMB polarization measurements will 
drastically improve sensitivity to axion-

string induced anisotropic birefringence

curre
nt

future



Astrophysical Probes
observe the influence of axions 

on stars, gas, & compact objects

Cosmic Probes
observe the influence of 

axions on cosmological relics

Terrestrial Probes
create axions on Earth or detect 
axions as they pass by the Earth



backup slides
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Connection with astrophysics
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Astrophysical implications 
worth exploring more closely:

• Radio bursts from NS encounters

• Transient rather than stochastic

• NS environment contains plasma 
allowing for resonant conversion 
(not considered here)

• Robust rate estimates require 
careful population modeling



the loop crossing model
simplified string network
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The loop-crossing model

= 1.0
= 1.0

loop-crossing model

Assumptions
• All loops are circles
• Randomize loop orientation
• Randomize loop location in space
• All loops same radius at any time
• Loop radius evolves tracking Hubble

• Number of loops tracks Hubble

Model Parameters

<latexit sha1_base64="l9qfG+MnnyLghRj9m+E/iBJzxpI=">AAACFHicbVBNS8MwGE79nPOr6tFLcAgTYbRjqBdh6GXHCe4D1lrSNN3C0g+SVBxlP8KLf8WLB0W8evDmvzHtetDNB5I8PM/7Jm8eN2ZUSMP41paWV1bX1ksb5c2t7Z1dfW+/K6KEY9LBEYt430WCMBqSjqSSkX7MCQpcRnru+Drze/eECxqFt3ISEztAw5D6FCOpJEc/tfgoqsoTeAlTK78u5cSbQuuBOoY6giQzW2q7qzt6xagZOeAiMQtSAQXajv5leRFOAhJKzJAQA9OIpZ0iLilmZFq2EkFihMdoSAaKhiggwk7zKabwWCke9COuVihhrv7uSFEgxCRwVWWA5EjMe5n4nzdIpH9hpzSME0lCPHvITxiUEcwSgh7lBEs2UQRhTtWsEI8QR1iqHMsqBHP+y4ukW6+ZZ7XGTaPSvCriKIFDcASqwATnoAlaoA06AINH8AxewZv2pL1o79rHrHRJK3oOwB9onz+9lpy7</latexit>

⇢(t) = ⇠0µ(t)H(t)2

<latexit sha1_base64="T0HFEReKo1h8JC7w0600cl9lq5k=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VwISWRUl1W3bisYB/QhHAznbZDJw9mJmIN/RM3/oobF4qIu/6NkzQLbT0wcOace7n3Hi/iTCrTnBmFldW19Y3iZmlre2d3r7x/0JZhLAhtkZCHouuBpJwFtKWY4rQbCQq+x2nHG9+kfueBCsnC4F5NIur4MAzYgBFQWnLLddtjQ24n2HfhDNvY9kGNCPDkapp9n6gC18zoI3NNnJYLe+qWK2bVzICXiZWTCsrRdMvfdj8ksU8DRThI2bPMSDkJCMUIp9OSHUsaARnDkPY0DcCn0kmy+6b4RCt9PAiFfoHCmfq7IwFfyonv6cp0fbnopeJ/Xi9Wg0snYUEUKxqQ+aBBzLEKcRoW7jNBieITTYAIpnfFZAQCiNKRlnQI1uLJy6R9XrXq1dpdrdK4zuMooiN0jE6RhS5QA92iJmohgp7RK3pHH8aL8WZ8Gl/z0oKR9xyiPzBmP/4DoRk=</latexit>�
ma, A, ⇣0, ⇠0

 early time -> small loops
late time -> large loops

<latexit sha1_base64="S/hSVAY4bi0K4drSAZ1qnfe8uvk=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZ2Rom6Eopsuq9gHtKVk0ts2NPMguSPUYT7Ajb/ixoUibv0Ad/6N6WOhrQcCh3POTW6OG0qh0ba/rdTS8srqWno9s7G5tb2T3d2r6SBSHKo8kIFquEyDFD5UUaCERqiAea6Euju8Hvv1e1BaBP4djkJoe6zvi57gDI3UyeZu83hML2ncmtwVK+gmtPUAyDp2Qk9o2dgmZRfsCegicWYkR2aodLJfrW7AIw985JJp3XTsENsxUyi4hCTTijSEjA9ZH5qG+swD3Y4nCyT0yChd2guUOT7Sifp7Imae1iPPNUmP4UDPe2PxP68ZYe+iHQs/jBB8Pn2oF0mKAR03Q7tCAUc5MoRxJcyulA+YYhxNfxlTgjP/5UVSOy04Z4XiTTFXuprVkSYH5JDkiUPOSYmUSYVUCSeP5Jm8kjfryXqx3q2PaTRlzWb2yR9Ynz+9rJmH</latexit>

R(t) = ⇣0/H(t)



effect of
varying ALP mass
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Collapse of the string-wall network
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[Jain, Hagimoto, AL, Amin, arXiv:2208.08391]

Axion strings become connected together by domain walls

… the string-wall network collapses (for Ndw = 1)

<latexit sha1_base64="GhlN32yZG1wXRFrMQCSjBwhvh24="></latexit>

let’s consider:

(
ma . 3Hcmb ' 3⇥ 10�29 eV

ma & 3H0 ' 5⇥ 10�33 eV

(string network survives until after recombination)

(string network collapses before today)
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Impact on birefringence
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[Jain, Hagimoto, AL, Amin, arXiv:2208.08391]

<latexit sha1_base64="VW3mQbUqn+YJ58l3bjNulkdqK2k="></latexit>

ma = 1⇥ 10�32 eV (zc = 0)
<latexit sha1_base64="qsWq0GEzTxgscLUXceV/09Sg1HQ="></latexit>

ma = 5⇥ 10�32 eV (zc = 6)
<latexit sha1_base64="LN6TWnHmU8PQAuUVHXhIa1p3hT4="></latexit>

ma = 2⇥ 10�31 eV (zc = 19)
<latexit sha1_base64="vR5HxMpZHbTrDsK7Nzr7N+hAoQE="></latexit>

ma = 1⇥ 10�30 eV (zc = 54)
<latexit sha1_base64="Ndq1Pgdb9ovRzQakMggv46bcx0I="></latexit>

ma = 5⇥ 10�30 eV (zc = 148)
<latexit sha1_base64="R1brHt7V16txEqcLdU24+iVdFro="></latexit>

ma = 2⇥ 10�29 eV (zc = 404)

raise the ALP mass
(network collapses earlier)

strong scale dependence è  possible to measure ma

see also:  [Ferreira, Gasparotto, Hiramatsu, Obata, & Pujolas (2023)]

<latexit sha1_base64="8NB3NH9mO+DObJpJ2WQJiFy0gJ8=">AAABmnicZY5LS8NAFIXv1Fetr6hLXQy2iwpSEik+FkLRjQ+QCn2BKWEyvYahkweZiVpCfou/xq2u/TfGNhvbs/o49xzOdSMplDbNH1JaWl5ZXSuvVzY2t7Z3jN29ngqTmGOXhzKMBy5TKEWAXS20xEEUI/NdiX13fPN3779irEQYdPQkwqHPvEC8CM50bjnGpe0KT9apfUJtje86ZUolvgg8Wnt0Zo6tOB29ZfSKWrVsGswr8bFjVM2GORVdBKuAKhRqO8a9PQp54mOgucxnni0z0sOUxVpwiVnFThRGjI+Zh6k/KUjN+xpjX2X5uDU/tQi904Z11mg+Nauti+KNMhzAEdTBgnNowS20oQscPuATvuCbHJJrckceZtESKTr78E+k8wsR9GwR</latexit>�
assuming NDW = 1

�



signatures of 
non-Gaussianity
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Birefringence non-Gaussianity
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How to best quantify the non-
Gaussian birefringence and 
develop tests to extract these 

features from the data?

axion-string induced birefringence:
loop-like features are visibly non-Gaussian

[Hagimoto & AL, arXiv:2306:07351]
see also:  Yin, Dai, Ferraro (2305.02318)
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Measures of NG 1:  kurtosis
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distribution over alm’s
less Gaussian at lower ell

[Hagimoto & AL, arXiv:2306:07351]
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scaling with multipole index
more Gaussian on smaller scales

= 3 for Gaussian

<latexit sha1_base64="XGvZyGHq4gJCflaLPkglevy0XsY=">AAACOXictY67SgNBFIZnvMZ4i1raDKaxMeyGoI2GgI1YRTAXcJJldnKyGTK7O8xMhLDZJ/NFtLQTW1/AXBbEBEv/5nyc/5z/HF9JYazjvOG19Y3Nre3cTn53b//gsHB03DTxSHNo8FjGuu0zA1JE0LDCSmgrDSz0JbT84e3Mbz2DNiKOHu1YQSdkQST6gjM7bXmFVzpkSjEvoSAlCVOSJ1PdENrXjCfUF4G8JvMyIXTAbEKZVAOW/ixcECpZFEj4w6c6c6chetKtLKCa/kd4OQvvllOvUHRKzlxkFdwMiihT3Svc017MRyFElktmzJPrKNtJmLaCS0jzdGRAMT5kASThOCOz3LegQzM77i6fWoVmueRelioPlWLNyd7IoVN0hs6Ri65QDd2hOmogjqu4h0Mc4Rf8jj/w52J0DWc7J+iX8Nc3j5yplA==</latexit>

`m =

⌦��↵̂`m � h↵̂`mi
��4↵

⌦��↵̂`m � h↵̂`mi
��2↵2

kurtosis
a measure of Gaussianity
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recall: R(t) = ⇣0/H(t)

a given angular scale ⇠ ⇡/`. By evaluating the average number of loops as a function of `

and the string network model parameters, ⇣0 and ⇠0, we obtain an analytical estimate of the
excess kurtosis

�̂` ⇠ ⇣0

8⇠0

✓
1 +

⇡

�⇣0`

◆2

. (2.5)

Here � ⇡ 0.3 is a constant numerical factor. See appendix A for the derivation of eq. (2.5).
The analytical formula in eq. (2.5) agrees well with the numerical results presented in

figure 3. Eq. (2.5) implies that �̂` should scale like `
�2 for ` ⌧ ⇡/(� ⇣0) ⇡ 10/⇣0 and like

`
0 for larger `. Similarly, figure 3 shows an `

�2 scaling for small values of `, and a flattening
(in the ⇣0 = 10, 1, and 0.316 curves) for larger values of ` approaching ` = 100. Additionally,
the angular scale dividing these two regimes is well approximated by 10/⇣0. For the ⇣0 = 0.1
curve, the flattening is not seen, and this is compatible with the analytical model since the
transition scale 10/⇣0 ⇡ 100, and the full plot range from ` = 1 to 100 is in the `

�2 regime.
Eq. (2.5) also predicts a scaling with the model parameters (⇣0, ⇠0, and A) that agrees well
with figure 3. For low multipoles, the formula implies �̂` / 1/⇣0, which is consistent with
the numerical results in the figure insofar as lowering ⇣0 increases the excess kurtosis for
` . 30. For high multipoles, the formula implies �̂` / ⇣0, indicating a reversal of the
scaling with ⇣0. The same reversal is seen on the figure, although the linear / ⇣0 scaling
is not observed. This is possibly because we only show multipoles up to ` = 100, whereas
larger values of ` are required to exhibit the linear scaling. Additionally, eq. (2.5) implies the
relation �̂` / ⇠

�1
0 , which we have also verified with numerical simulations taking A = ⇣0 = 1

and ⇠0 = 0.1, 1, and 10 (results not shown here). Eq. (2.5) implies that �̂` is independent
of A, and this is because A does not impact the average number of loops N̄`; more generally,
A cancels from the kurtosis calculation entirely.

To conclude, let us address the issues of observability and cosmic variance. For a single
realization of the CMB sky, one can measure the excess kurtosis using an unbiased kurtosis
estimator. We consider a simple excess kurtosis estimator defined by

�̂
(1)
` =

1

`

X̀

m=1

|↵̂`m|4

(C↵↵
` )2

� 2 , (2.6)

which is motivated by the assumption that the birefringence power spectrum is measured
well enough that the true power spectrum C

↵↵
` is approximately well known. One can apply

�̂
(1)
` to a measurement of anisotropic CMB birefringence to estimate the excess kurtosis. If

the moments ↵̂`m were a Gaussian random field, then the mean of this estimator would vanish

(Gaussian variables have zero kurtosis), and the standard deviation would be StDev �̂
(1)
` =p

20/`. This spread in the estimator, even for Gaussian statistics, is a form of cosmic
variance. To assess whether the excess kurtosis would be observable for a given model, we
can compare the predicted excess kurtosis from eq. (2.5) with the typical variation

p
20/`.

For the parameters shown in figure 3, the predicted excess kurtosis typically falls below the
cosmic variance across a wide range of multipoles. On the other hand, in models with small
values of ⇣0 and ⇠0, the predicted kurtosis can be larger, especially at low multipoles.

3 Bispectrum

A widely-used measure of non-Gaussianity in studies of CMB temperature and polarization
anisotropies is the bispectrum, and here we turn our attention to the birefringence bispec-
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trum. We denote the first few moments of the multipole moment coe�cients ↵̂`m as

↵̄`1m1 = h↵̂`1m1i (3.1a)

P`1m1`2m2 = h↵̂`1m1↵̂`2m2i (3.1b)

B`1m1`2m2`3m3 = h↵̂`1m1↵̂`2m2↵̂`3m3i . (3.1c)

For axion-string-induced birefringence, the 1-point functions vanish ↵̄`m = 0. If the map is
statistically isotropic and parity invariant, the 2-point and 3-point functions can be written
in terms of the angular power spectrum C` and the reduced bispectrum b`1`2`3 through the
relations [58, 59]

P`1m1`2m2 = (�1)�m2�`1`2�m1�m2C`1 (3.2a)

B`1m1`2m2`3m3 = h`1`2`3

✓
`1 `2 `3

m1 m2 m3

◆
b`1`2`3 , (3.2b)

where h`1`2`3 is a geometrical factor given by

h`1`2`3 =

r
(2`1 + 1)(2`2 + 1)(2`3 + 1)

4⇡

✓
`1 `2 `3

0 0 0

◆
, (3.3)

and where the second factor is a Wigner 3-j symbol. The 3-j symbols vanish unless the
multipole moment indices obey the triangle inequality |`1 � `2|  `3  `1 + `2 (and similarly
for the other two index permutations), implying that one can think of `1, `2, and `3 as the
lengths of the legs of a triangle. Additionally parity invariance requires the bispectrum to
vanish unless `1 + `2 + `3 is an even integer, and this parity condition is enforced by the
geometrical factor h`1`2`3 . It is useful to define the random variables [58]:

Ĉ` = (2` + 1)�1
X̀

m=�`

↵̂`m↵̂
⇤
`m (3.4a)

b̂`1`2`3 = h
�1
`1`2`3

`1X

m1=�`1

`2X

m2=�`2

`3X

m3=�`3

✓
`1 `2 `3

m1 m2 m3

◆
↵̂`1m1↵̂`2m2↵̂`3m3 , (3.4b)

which are unbiased estimators of the angular power spectrum and reduced bispectrum in the
sense that hĈ`i = C` and hb̂`1`2`3i = b`1`2`3 .

The bispectrum is a measure of the non-Gaussianity in the birefringence map. This
can be understood as follows. If the ↵̂`m were independent Gaussian random variables, then
higher-point functions could be reduced to 1- and 2-point functions by applying Isserlis’s
theorem (Wick’s theorem). Since the 1-point functions vanish, one would expect the 3-point
functions to vanish as well implying b`1`2`3 = 0 for a Gaussian birefringence map. Conversely,
the presence of non-Gaussianity allows the bispectrum to be nonzero, b`1`2`3 6= 0. However,
this need not be the case, and it is possible for a non-Gaussian birefringence map to have
a vanishing bispectrum b`1`2`3 = 0, and the non-Gaussianity only manifests itself in higher
order moments such as the 4-point functions (trispectrum, kurtosis). In particular, although
axion-string-induced birefringence is non-Gaussian, we nevertheless expect the bispectrum to
vanish. This is because any configuration of loops that would give rise to a nonzero 3-point
function has an equiprobable ‘opposite’ with all loop orientations reversed, which cancels this
contribution in the ensemble average. However, it’s important to bear in mind that although
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trum. We denote the first few moments of the multipole moment coe�cients ↵̂`m as

↵̄`1m1 = h↵̂`1m1i (3.1a)

P`1m1`2m2 = h↵̂`1m1↵̂`2m2i (3.1b)

B`1m1`2m2`3m3 = h↵̂`1m1↵̂`2m2↵̂`3m3i . (3.1c)

For axion-string-induced birefringence, the 1-point functions vanish ↵̄`m = 0. If the map is
statistically isotropic and parity invariant, the 2-point and 3-point functions can be written
in terms of the angular power spectrum C` and the reduced bispectrum b`1`2`3 through the
relations [58, 59]

P`1m1`2m2 = (�1)�m2�`1`2�m1�m2C`1 (3.2a)

B`1m1`2m2`3m3 = h`1`2`3
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where h`1`2`3 is a geometrical factor given by
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4⇡

✓
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◆
, (3.3)

and where the second factor is a Wigner 3-j symbol. The 3-j symbols vanish unless the
multipole moment indices obey the triangle inequality |`1 � `2|  `3  `1 + `2 (and similarly
for the other two index permutations), implying that one can think of `1, `2, and `3 as the
lengths of the legs of a triangle. Additionally parity invariance requires the bispectrum to
vanish unless `1 + `2 + `3 is an even integer, and this parity condition is enforced by the
geometrical factor h`1`2`3 . It is useful to define the random variables [58]:

Ĉ` = (2` + 1)�1
X̀

m=�`

↵̂`m↵̂
⇤
`m (3.4a)
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which are unbiased estimators of the angular power spectrum and reduced bispectrum in the
sense that hĈ`i = C` and hb̂`1`2`3i = b`1`2`3 .

The bispectrum is a measure of the non-Gaussianity in the birefringence map. This
can be understood as follows. If the ↵̂`m were independent Gaussian random variables, then
higher-point functions could be reduced to 1- and 2-point functions by applying Isserlis’s
theorem (Wick’s theorem). Since the 1-point functions vanish, one would expect the 3-point
functions to vanish as well implying b`1`2`3 = 0 for a Gaussian birefringence map. Conversely,
the presence of non-Gaussianity allows the bispectrum to be nonzero, b`1`2`3 6= 0. However,
this need not be the case, and it is possible for a non-Gaussian birefringence map to have
a vanishing bispectrum b`1`2`3 = 0, and the non-Gaussianity only manifests itself in higher
order moments such as the 4-point functions (trispectrum, kurtosis). In particular, although
axion-string-induced birefringence is non-Gaussian, we nevertheless expect the bispectrum to
vanish. This is because any configuration of loops that would give rise to a nonzero 3-point
function has an equiprobable ‘opposite’ with all loop orientations reversed, which cancels this
contribution in the ensemble average. However, it’s important to bear in mind that although
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reported detection of isotropic birefringence:
same rotation angle across the whole sky

(using Planck & WMAP data)

[Minami & Komatsu (2020)]
[Diego-Palazuelos et. al. (2022)]

[Eskilt (2022)],   [Eskilt & Komatsu (2022)]
[Eskilt et. al. (2023)]
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Are strings responsible for isotropic birefringence?
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our conclusion:  the isotropic signal is in tension 
with limits on anisotropic BF if they both arise 

from axion-string induced birefringence
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Are strings responsible for isotropic birefringence?

reported detection of isotropic birefringence:
same rotation angle across the whole sky

(using Planck & WMAP data)
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[Ferreira, Gasparotto, Hiramatsu, Obata, & Pujolas (2023)]

(1)  environmental effects
a nearby loop in our Hubble volume 
would dominate the isotropic signal

(2)  Hubble-scale gradients
the massless axion field is expected to be 

inhomogeneous on the Hubble scale

(3)  late-forming network
if the string network is not present just after 

recombination, the small-scale BF is suppressed

loopholes allowing large iso-BF

[Minami & Komatsu (2020)]
[Diego-Palazuelos et. al. (2022)]

[Eskilt (2022)],   [Eskilt & Komatsu (2022)]
[Eskilt et. al. (2023)]



astro & cosmo probes of axions Andrew Long   (Rice University)
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