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Constraints on axion-photon coupling

All constraints from this talk downloadable in .txt format from cajohare.github.io/AxionLimits/



Constraints on other axion couplings

cajohare.github.io/AxionLimits/



The axion
Minimal working definition for this talk: New light pseudoscalar, with 

coupling to photons and/or derivative couplings to fermions

+ a few model-dependent assumptions
→ Could be galactic DM
→ Could be produced in cosmologically relevant amounts
→ Could solve strong CP problem (aka QCD axion)
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Focus on constraints on 
possible interactions, 

less on specific models/
assumptions



1. Axion-Photon coupling
→ Direct searches (detecting natural sources of axions)
→ Purely lab searches (detecting human-made axions)
→ Indirect searches (imprints of axions in astrophysical data)

2. Axion-fermion couplings (briefly)

3. Caveats, nuances, messiness and loopholes
→ Axions as dark matter

Aim of this talk: focus on some new or less-publicised results from this year



Coupling to the photon:
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Direct detection: natural sources of axions

[1801.08127]

Sun

Relic supernova 
axions

Dark matter

Dark radiation

Betelgeuse (SN)
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Sun is most obvious source, but no updates for now

• 2017: Last CAST result

• babyIAXO - 2.5T x 2 bores

• IAXO - 2.5 T x 8 bores

• IAXO+ - 3.5 T x 2 bores

Helioscopes

 [1705.02290]
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Conceptual design: [2010.12076]
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SN axions are similar, but at 10-100 MeV energies instead of keV

Ge et al. [2008.03924]
Could detect in modified IAXO, 
just need to stick a gamma ray 
detector at other end to X-ray 
optics (solar end)
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DM axions
behave like a classical field : a(x, t) ⇡

p
2⇢a
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cos (!t� p · x+ ↵)
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Oscillating at the axion mass

B-field
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KSVZ-like models
DFSZ II
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Photon coupling: indirect searches



DM axion conversion
→ Spectral lines
→ Transient signals (axion substructure)

Axion emission affecting stellar lifetimes
→ Horizontal branch/red giant branch in GCs
→ White dwarf luminosity function

Photon conversion in astrophysical B-fields
→ Spectral oscillatory features
→ Anomalous dimming of sources

Astrophysical tests of axions

Black hole superradiance 
(Observed BH spins exclude axion mass for Schwarzschild 
rad. ~ axion’s Compton wavelength)
→ stellar mass BH spins ~ 10-13 —10-11 eV
→ supermassive BH spins ~ 10-19 — 10-17 eV



DM axions in neutron star magnetospheres

Hook et al. 1804.03145
DM axions fall in to magnetar (B~1010 T) and 
resonantly converts at a radius when 
plasma freq. = axion mass 
→ observable via sharp radio frequency line 
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�
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New constraints, complementary to cavity haloscopes
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Radio spectral lines 
from neutron stars

Darling 
[2008.11188] & [2008.01877]
Jansky VLA data on 
magnetar PSR J1745-2900 
at galactic centre

Foster et al.
Green bank/Effelsberg 
observations of galactic 
centre & isolated NSs
[2004.00011]
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Light axions in astrophysical X-ray/gamma ray data

ALP DM

CAST
SHAFT

ABRA
(10 cm)

Fermi

SN1987A 
gamma rays

Black hole spins

SNe distance ladder

NGC 1275

Hydra-A

M87
Super star clusters

Supernovae gamma rays PKS 
2155-304

Diffuse SN ALP background

Mrk 421



Light axions in astrophysical data: a few 
interesting cases from this year
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Extragalactic SN-axions converting into 
gamma-rays in MW, using Fermi data
Meyer & Petrushevka [2006.06722]

Fermi

Archival NuStar data on MW super star 
clusters, search for stellar axions converting 
into X-rays
Dessert et al. [2008.03305]

Fermi
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ALP DM

CAST
SHAFT

ABRA
(10 cm)

SNe-1a distance ladder - SNe dimmer at 
higher z due to axion-photon conversion
Buen-Abad et al. [2011.05993]

Diffuse MeV flux of SN axions converting in 
MW magnetic field
Calore et al. [2008.11741]

Black hole spins



Pure laboratory searches



Cure for uncertainties: pure laboratory tests of axions

Photons
→ light through walls

Fermions 
→ spin dependent fifth forces

B
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Pure laboratory tests of axion-fermion fifth forces
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Key point: any SM or BSM CP-violation (e.g. ~Jarlskog invariant of CKM matrix) could shift axion vev 
and generate CP-violating axion-fermion couplings in addition to the usual CP-conserving ones 

Monopole-monopole
(Spin independent)

Monopole-dipole
(Spin dependent)

Dipole-dipole
(Spin dependent)
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<latexit sha1_base64="nB95u2fGBj7gN2PQJswzJiAENek=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8YT9Pp/1K1a25c5BV4hWkCgWa/cpXb5CwLEZpmKBadz03NUFOleFM4LTcyzSmlI3pELuWShqjDvL5sVNybpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQT5FymmUHJFouiTBCTkNnnZMAVMiMmllCmuL2VsBFVlBmbT9mG4C2/vEpa9Zp3Was/XFUbt0UcJTiFM7gAD66hAffQBB8YcHiGV3hzpPPivDsfi9Y1p5g5gT9wPn8AF1aO3g==</latexit>

gs
<latexit sha1_base64="zoeV/ZdbDJR8x84bOfc1mqg6+OQ=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8YT/X036l6tbcOcgq8QpShQLNfuWrN0hYFqM0TFCtu56bmiCnynAmcFruZRpTysZ0iF1LJY1RB/n82Ck5t8qARImyJQ2Zq78nchprPYlD2xlTM9LL3kz8z+tmJroJci7TzKBki0VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp2xD8JZfXiWtes27rNUfrqqN2yKOEpzCGVyAB9fQgHtogg8MODzDK7w50nlx3p2PReuaU8ycwB84nz8b5Y7h</latexit>

gp1
<latexit sha1_base64="yLnV/Jtgr8IN1xhkwudhfWwnjig=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3n6g2TIoHO1E0TPBQsJgRbJ3UGvYzFUz75Ypf9edAqyTISQVyNPrlr95AkjShwhKOjekGvrJhhrVlhNNpqZcaqjAZ4yHtOipwQk2Yza+dojOnDFAstSth0Vz9PZHhxJhJErnOBNuRWfZm4n9eN7XxdZgxoVJLBVksilOOrESz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqadWqwUW1dn9Zqd/kcRThBE7hHAK4gjrcQQOaQOARnuEV3jzpvXjv3seiteDlM8fwB97nD4hojxk=</latexit>

gp2
<latexit sha1_base64="uERmk8rzE+yhB9RdSJMTiLUf7dg=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSa9jPktq0X654VW8OvEr8nFQgR6Nf/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNrp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gkgvBX355lbRqVf+iWru/rNRv8jiKcAKncA4+XEEd7qABTaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPH4ntjxo=</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

→ e.g. tests of inverse 
square law/WEP

→ Spin-mass forces e.g. 
ARIADNE/QUAX

→ Forces between spin-
polarised samples

 1
<latexit sha1_base64="kfae+SLm/UcCbeOFJ1ClnUXk3Es=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3vf75YpX9ebAq8TPSQVyNPrlr95A0TRm0lJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gkMTNBNr92is+cMsCR0q6kxXP190RGYmMmceg6Y2JHZtmbif953dRG10HGZZJaJuliUZQKbBWevY4HXDNqxcQRQjV3t2I6IppQ6wIquRD85ZdXSatW9S+qtfvLSv0mj6MIJ3AK5+DDFdThDhrQBAqP8Ayv8IYUekHv6GPRWkD5zDH8Afr8AU1hjvI=</latexit>

 2
<latexit sha1_base64="vKFQW6cc1ibz7kjIdn6UcF2nyB0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3q/1yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vklat6l9Ua/eXlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A07ljvM=</latexit>

gs1
<latexit sha1_base64="faGUkVU7uKDVMorV1a66zcXByfY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1hv3MBNN+ueJX/TnQKglyUoEcjX75qzdQJBVUWsKxMd3AT2yYYW0Z4XRa6qWGJpiM8ZB2HZVYUBNm82un6MwpAxQr7UpaNFd/T2RYGDMRkesU2I7MsjcT//O6qY2vw4zJJLVUksWiOOXIKjR7HQ2YpsTyiSOYaOZuRWSENSbWBVRyIQTLL6+SVq0aXFRr95eV+k0eRxFO4BTOIYArqMMdNKAJBB7hGV7hzVPei/fufSxaC14+cwx/4H3+AIz6jxw=</latexit>

gs2
<latexit sha1_base64="yMyRFOVXywXdZF9Rk8P0JKMhLAc=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSa9jPTG3aL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnD45/jx0=</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

→ Expected level of CP-violation for QCD axion not 100% 
clear, but this offers a potential way in for experiments



Monopole-dipole searches

Challenge: stellar bounds tightly constrain gp, and spin 
independent fifth force tests easily constrain gs: so Astro x Lab 

bound on these coupling combos are very strong

(Latest QUAX result 2011.07100)

ARIADNE QUAX

Conceptually similar, spin an unpolarised source mass near to a spin-polarised target 

Constrains: gp gs (nucleon-nucleon) Constrains: gp gs (electron-nucleon) 



Pure laboratory tests for monopole-dipole axion-mediated forces

Electron-nucleon coupling Nucleon-nucleon coupling

Hard to beat the astrophysical bounds, but ARIADNE projects that it will 

 See O’Hare & Vitagliano [2010.03889]  for combined bound



Axion-neutron coupling

• Lab searches very far 
from astrophysical 
bounds



Axion-neutron coupling

• Lab searches very far 
from astrophysical 
bounds

• Experiments could be 
competitive in future, 
but require source of 
axions from DM



Axion-electron coupling

Parameter space only 
covered by

•Stellar bound (Capozzi & 
Raffelt [2007.03694] with 
updated Gaia distances)

•Underground DM searches 
for ~keV photoelectrons 
from axion absorption

Xenon1T 
electron excess



Axion-electron coupling (future)

• Many sub-keV DM 
searches proposed, with 
varying technological 
readiness

Xenon1T 
electron excess



Caveats/Assumptions/loopholes

Axion constraint 
landscape more akin to 
PBHs than to WIMPs



*

*

*

*
*

*

* How model turbulent 
astrophysical B-fields in MW, 
galaxies, ICM etc. 

* Possible 
model-
dependent 
ways to 
escape BH 
bounds Mathur 
et al. 2004.12326

* Expected axion DM distribution 
in MW environments

* What axion masses 
can be DM?

* DM density in galaxies/clusters

* Possible 
chameleonic 
methods of 
escaping stellar 
bounds?
e.g. DeRocco et al. 
[2006.15112]

?

?



Where do we expect QCD axion DM to be?



Can we predict or constrain the mass range for 
QCD axion dark matter?

•Axion appears after phase transition at scale fa

•Axion density depends on initial field value

•At some point inflation happens…

Distribution of initial field values (and therefore axion abundance) will be 
radically different if the phase transition happens before or after inflation

* some wrinkles I won’t discuss regarding modified cosmological histories (Blinov et al. [1911.07853]),
 or scenarios involved in baryon asymmetry (Co et al. [2006.04809])



Cosmological evolution of the axion field: 
misalignment mechanism

Time

ä+ 3Hȧ+
@V(a)
@a

= 0

H~ma

Axion field rolls down
potential

where, V(a) ⇡ 1

2
m2

aa
2

H<ma

Axion field starts damped 
oscillations with 
frequency ~ma

→ cold axions produced

Initial angle
V (�)

✓i

✓i



Scenario 1: 
Pre-inflationary axions

Relic density just depends on 
initial misalignment angle

PT

QCD

zeq
⌦ah

2 ⇠ 0.1

✓
fa

1012 GeV

◆7/6

✓2i

*I
nfl

at
io

n*

Scenario 1: 
Post-inflationary axions

Distribution of initial misalignment angles 
will be highly inhomogeneous → defects

*P
T

*

QCD

zeq

Inflation

Axion 
mass

Single ✓i
<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

value 
Multiple ✓i

<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

values 

Time Time



fa [GeV]

✓i ⇠ 1
Axions 

subdominant
Axions over-

produced
(Unless initial angle tuned: 

“anthropic axion”)

ma [eV]

Axions
 subdominant 

Ruled out
by stellar/SN bounds

Axions definitely 
overproduced

Scenario 1:
Pre-inflation

Scenario 2:
Post-inflation



Gorghetto, Hardy, Villadoro [1806.04677]

Post-inflationary axion defects and substructure



Buschmann, Foster, Safdi [1906.00967]

Gorghetto, Hardy, Villadoro [1806.04677]

Post-inflationary axion defects and substructure



Buschmann, Foster, Safdi [1906.00967]

→ by matter-radiation equality, 
substantial quantity of axions bound up in 
clumps with asteroid masses ~ 10-12 Mo Eggemeier+ [1911.09417]

Gorghetto, Hardy, Villadoro [1806.04677]

Post-inflationary axion defects and substructure



Post-inflation problem #1: Importance of axions from strings

Currently impossible to do physical 
simulation of axion strings
→ sims. often assume effective 
growing string width, or fatten strings 
over time with additional fields 

Axionic string simulations 
- Axion DM from string network with molecular dynamics simulations (HPC 8192^3)

- Problem: dynamical range dH/ds ⇠ 1030, (log(dH/ds) ⇠ 70) but available only 103(8)
<latexit sha1_base64="LYyWbzcKJuElV7wS8xbvoRnWAWg="></latexit>

- Small Dependence of Omega on log(dH/ds)
<latexit sha1_base64="FjIHSilcY2BC34J5IVBi83fboOQ=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBHqpSZV0GPRS48V7Ae0IWw2m3bpZjfubgol9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5QcKo0o7zba2tb2xubRd2irt7+weHpaPjthKpxKSFBROyGyBFGOWkpalmpJtIguKAkU4wup/5nTGRigr+qCcJ8WI04DSiGGkjeX0mBpXQb1yGvrrwS2Wn6sxhrxI3J2XI0fRLX/1Q4DQmXGOGlOq5TqK9DElNMSPTYj9VJEF4hAakZyhHMVFeNj96ap8bJbQjIU1xbc/V3xMZipWaxIHpjJEeqmVvJv7n9VId3XoZ5UmqCceLRVHKbC3sWQJ2SCXBmk0MQVhSc6uNh0girE1ORROCu/zyKmnXqu5VtfZwXa7f5XEU4BTOoAIu3EAdGtCEFmB4gmd4hTdrbL1Y79bHonXNymdO4A+szx+o75Ff</latexit>

- Large (effective) tension simulations also available

- Results reveal negligible influence of strings

⇠ 15µeV (Moore,JR),⇠ 26µeV (Moore HT),⇠ 26µeV (Safdi LT)
<latexit sha1_base64="Q37NoHzWXs3csU/PSmBfskA3vqM="></latexit>

Safdi 2019tension parameter

ds
<latexit sha1_base64="wZODUTC7f/8a1eUGSM3BNeBF69g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWw2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj+lA8ogzaqz0EPZ1v1xxq+4cZJV4OalAjka//NULE5bFKA0TVOuu56bGn1BlOBM4LfUyjSllIzrArqWSxqj9yfzUKTmzSkiiRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmuvYnXKaZQckWi6JMEJOQ2d8k5AqZEWNLKFPc3krYkCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBSjo3S</latexit>

dH
<latexit sha1_base64="SMEYd9afpNKQx5T2Q9jkXZ+pdIo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj00mNF+wFtKJvNpF262YTdjVBKf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXpIJr47rfztr6xubWdmGnuLu3f3BYOjpu6SRTDJssEYnqBFSj4BKbhhuBnVQhjQOB7WB0N/PbT6g0T+SjGafox3QgecQZNVZ6CPv1fqnsVtw5yCrxclKGHI1+6asXJiyLURomqNZdz02NP6HKcCZwWuxlGlPKRnSAXUsljVH7k/mpU3JulZBEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MdONPuEwzg5ItFkWZICYhs79JyBUyI8aWUKa4vZWwIVWUGZtO0YbgLb+8SlrVindZqd5flWu3eRwFOIUzuAAPrqEGdWhAExgM4Ble4c0Rzovz7nwsWtecfOYE/sD5/AERYo2n</latexit>

d

J. Redondo

t

d/t ⇠ 1030
<latexit sha1_base64="y1L0R1PPkicz+Cd5mIIsa4xq3Oo=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJ4qrutoMeiF48V7Ae0a8lm0zY0yS7JbKEs/SdePCji1X/izX9j2u5BWx8MPN6bYWZemAhuwPO+nbX1jc2t7cJOcXdv/+DQPTpumjjVlDVoLGLdDolhgivWAA6CtRPNiAwFa4Wju5nfGjNteKweYZKwQJKB4n1OCVip57rRJeCu4RL73lNW9aY9t+SVvTnwKvFzUkI56j33qxvFNJVMARXEmI7vJRBkRAOngk2L3dSwhNARGbCOpYpIZoJsfvkUn1slwv1Y21KA5+rviYxIYyYytJ2SwNAsezPxP6+TQv8myLhKUmCKLhb1U4EhxrMYcMQ1oyAmlhCqub0V0yHRhIINq2hD8JdfXiXNStmvlisPV6XabR5HAZ2iM3SBfHSNauge1VEDUTRGz+gVvTmZ8+K8Ox+L1jUnnzlBf+B8/gCXKZJV</latexit>

⇠ 103
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Physical: 
but currently can 
only simulate log(d/t)

Gorghetto et al. [2007.04990] evidence for 
attractor solution which would imply many 
more axions from strings and shifts the 
preferred DM axion window up to ~ meV



Helioscope searches

[E. Armengaud et al., Physics potential of the International Axion Observatory (IAXO) (2019)]
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Post-inflation problem #2: NDW>1

V (a) = �(T )
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NDW=3

K. Saikawa

•Change predicted axion 
mass windows

•   Network of strings 
connected by multiple walls

• QCD Axion model with colour 
anomaly N>1 (e.g. DFSZ N=6)



Post-inflation problem #3: Fate of miniclusters at late times 

Eggemeier+ [1911.09417]

In galaxies…
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Fate of miniclusters in the galaxy

Problems for direct detection → encounter rate ~ 1 per 10,000—1,000,000 years

→ Miniclusters passing line of sight
Dai & Miralda Escudé [1908.01773]
Fairbairn et al. [1701.04787]

Edwards et al. [2011.05378]
Opportunities for indirect detection → collision of miniclusters with neutron stars

Kavanagh et al. [2011.05377] 



Fate of miniclusters in the galaxy - 2 recent papers
Kavanagh, Edwards, Visinelli, Weniger

[2011.05377] Survival probability of 
miniclusters versus minicluster density 

profile and position in galaxy

Still many uncertainties remaining → but results suggest that NS radio transients are 
a promising indirect signal and miniclusters at Earth’s position could be disrupted

[2011.05378] Encounter rate between 
miniclusters and neutron stars → radio 

transients every 1—100 days towards GC



Take home point: beware of naive reading of axion constraints, many 
theoretical and observational uncertainties remain



Hopefully at some point in soon the plot will look more like this
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Bonus slides



>eV QCD axions constrained as hot dark matter

Giaré et al. [2011.14704]LCDM
 + thermal axions 
+ massive neutrinos 


