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Summary

• If a hyper-light axion-like particle exists in Nature, the associated cosmological network 
of axion strings can leave an imprint on CMB polarization through birefringence

• We use existing measurements of anisotropic birefringence (Planck, SPT, …) to place 
constraints on  this scenario.  Next-generation telescopes (CMB-S4) will probe O(1) 
electromagnetic anomaly coefficients and thereby probe the axion’s UV embedding

• We find that it is difficult (but not impossible!) to reconcile the detection of isotropic 
birefringence with strong limits on anisotropic birefringence coming from axion strings

• We argue that measurements of anisotropic birefringence could not only reveal the 
presence of a hyper-light ALP in Nature, but also lead to a measurement of its mass

• Machine learning methods (spherical CNN) may prove useful to help to detect the subtle 
non-Gaussian signal of axion strings in next-generation CMB polarization data
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axion-like
particles
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Theory landscape:  axion-like particles

ALPs from extra dimensions
(such as string theory)

3 extended spatial dimensions

N compactified 
internal dimensions

[Gendler et. al. (2309.13145)] 
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axion-like
particles
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1010 eV

ultra-light axion-like particles
(dark mater candidate)

heavy axion-like particles
(testable in the lab)

hyper-light axion-like particles
(testable with cosmology)

THIS TALK

Theory landscape:  axion-like particles
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ALPs can form axion strings

2

COSMIC STRINGS

Clockwise (+); or 
anti-clockwise (-)

Physical space

2-D slice

[Kibble; Vilenkin, Everett; Vachaspati…]

Field space

𝑎/𝑓𝑎

Δ𝑎 → ±2𝜋𝑓𝑎

Δ𝑎 → ±2𝜋𝑓𝑎

Axion 
string

Axion 
string 
loop

image credit:  Mudit Jain (2021)
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assume: TRH > fa

[Kibble (1976)]
[Vilenkin & Vachaspati (1987)]

string thickness
= microscopic

string length
= cosmological
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V (ω) = ε(ω→ω→ f2
a )

2
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A cosmic string network

How can we detect axion strings in the Universe today?

string network simulation:
[Buschmann et. al. (2022)]

simulations show:  

• long strings intersect and reconnect
• reconnections form loops
• loops emit axions and collapse

so, the network evolves into the scaling regime:

• typical string length tracks Hubble
• average energy density tracks Hubble

so, in the universe today we expect:

• order 10 strings per Hubble volume
• string loops with length ~ Hubble scale
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How could we detect an axion string?
[Harvey & Naculich (1989)],  [Carroll, Field, Jackiw (1990,91)],   [Harari, Sikivie (1992)]

[Fedderke, Graham, Rajendran (2019)], [Agrawal, Hook, Huang  (2019)]
[Yin, Dai, Ferraro (2021) & (2023)]

axion-induced birefringence:  
an electromagnetic wave 

traveling through a varying axion field 
has its plane of polarization rotated

CMB !
axion string loop

rotated 
CMB !
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* birefringence can be measured through E-B cross correlation
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assume interaction 
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Modeling anisotropic birefringence from strings

= 1.0
= 1.0

loop-crossing model

The loop-crossing model
• Circular & planar loops
• 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
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⇢(t) = ⇠0µ(t)H(t)2
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ma, A, ⇣0, ⇠0

 
early time -> small loops
late time -> large loops
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R(t) = ⇣0/H(t)

[Jain, AL, Amin (2021)]
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Expected birefringence signal

effect of the whole network:
anisotropies build up over time

angular power spectrum:

100 101 102

`

10°3

10°2

10°1

`(
`
+

1)
C

Æ
Æ

`
/2

º
[d

eg
2
]

analytical approximation

mean of simulations

[Jain, AL, Amin, arXiv:2103:10962]
[Jain, Hagimoto, AL, Amin, arXiv:2208.08391]

<latexit sha1_base64="MqO3S9/KkRsw0mbeBp5X5BAjOus=">AAAB7nicZU47TgMxFLT5hvALUCEai6SggGgXEFBGoomogkQ+Egsrr3kBK/Z6Zb8NiVY5Ai0douVKnIMLsMBSEKYazZs3M1GipEPPe6czs3PzC4ulpfLyyuraemVjs+NMagW0hVHG9iLuQMkY2ihRQS+xwHWkoBsNzr/u3SFYJ018heMEbjS/j2VfCo65FFaeAoQRZrUsiDQLuMNJjcUAd6ymQ84CBc45qdkRa4aB5vhgdSZ0NMmtSWLNiPnebXZweJYL++zXAJ08pG8swwfIw/DR2AFDw1xqh3IILI1RKsb7CJZZEEZHMv6eMwkrVa/ufYP9J35BqqRAK6xcBHdGpBpiFIo7d+17Cd5k3KIUCiblIHWQcDHg95DpccHctJ4P0e6r3J+u+k86h3X/pH58eVxt7BUzSmSH7JI94pNT0iBN0iJtIsgH3aa7tEoT+kxf6OuPdYYWP1vkD+jbJ8PdjDs=</latexit>

⇤ need ma . 3Hcmb ⇡ 10�28 eV for the network to survive until after recombination

approx. scale invariant up to l ~ 100

degeneracy:  <aa> ~ A2 x0

<latexit sha1_base64="XClTPymgqrkcsA+uXtLkqwIQzo4=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0WoICUpRd0IFTcuK9gHNDFMppN26OTBzESsId/gR/gNbnXtTtyJK//ESZuFbT1w4XDOvdx7jxsxKqRhfGmFpeWV1bXiemljc2t7R9/da4sw5pi0cMhC3nWRIIwGpCWpZKQbcYJ8l5GOO7rK/M494YKGwa0cR8T20SCgHsVIKsnRjy0fySFGLLlM72rQeqCOAS+gCS14osp6JBJNFUcvG1VjArhIzJyUQY6mo/9Y/RDHPgkkZkiInmlE0k4QlxQzkpasWJAI4REakJ6iAfKJsJPJSyk8UkofeiFXFUg4Uf9OJMgXYuy7qjN7QMx7mfif14uld24nNIhiSQI8XeTFDMoQZvnAPuUESzZWBGFO1a0QDxFHWKoUZ7a4fqoyMecTWCTtWtU8rdZv6uVGJU+nCA7AIagAE5yBBrgGTdACGDyBF/AK3rRn7V370D6nrQUtn9kHM9C+fwF7DKEU</latexit>

A2⇠0 = 1 , ⇣0 = 1
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CMB birefringence from axion strings Andrew Long   (Rice University)

Effect on CMB polarization

" −$%&'	
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

<latexit sha1_base64="zNSEjsmPH42WDuNJiV9KR1ueRIU="></latexit>
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CMB birefringence from axion strings Andrew Long   (Rice University)

Constraints from anisotropic birefringence
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measurements of CMB polarization:
no evidence for anisotropic birefringence

[Jain, AL, Amin, arXiv:2103:10962]
[Jain, Hagimoto, AL, Amin, arXiv:2208.08391]

see also:  Yin, Dai, & Ferraro (2111.12741)

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

Planck 2018

SPTpol
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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% CL

constraints:
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CMB birefringence from axion strings Andrew Long   (Rice University)

Implications
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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CMB birefringence from axion strings Andrew Long   (Rice University)

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
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CMB birefringence from axion strings Andrew Long   (Rice University)

[Jain, Hagimoto, AL, Amin, arXiv:2208.08391]

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)]

<latexit sha1_base64="AySdLazUsB2bVVntXvE39HeEJ6c=">AAABr3icZY7LSsNAFIZP6q3WW9Slm2ARKtIw05bqQqHQjYhIBXsBp42TcWyHTi7MTIUS8la+jG71QYyaje2/Od9/LvzHj6XQBqF3q7Cyura+UdwsbW3v7O7Z+wc9Hc0U410WyUgNfKq5FCHvGmEkH8SK08CXvO9P2z/z/itXWkThg5nHfBjQcSheBKMma3n2HaEynlAvQSh1rpxqgt0aHhEmFEu9pIrcei13o+Qsc/XcOcSpNC/ISVZJQM1EBUn7Nj317DJy0a+cZcA5lCFXx7NvyHPEZgEPDZNU60eMYjNMqDKCSZ6WyEzzmLIpHfMkmOekF/uGq0CnWThejFqGXs3FTbdx3yi3LvM3inAEx1ABDOfQgmvoQBcYvMEHfMKXha2+NbKe/lYLVn5zCP9kiW8ydHKB</latexit>

↵00 = �1.21�+0.33�

�0.32� (68% CL)

°3 °2 °1 0 1 2 3

monopole Æ00 [deg]

model simulationsmeasurement

our conclusion:  the isotropic signal is in tension 
with limits on anisotropic BF if they both arise 

from axion-string induced birefringence

Are strings responsible for isotropic birefringence?

<latexit sha1_base64="78HNiAX1Cxh/tKO7Nw1OZfak6fk=">AAABr3icZY5LS8NAFIVv6qvWV9Wlm8Fu3BgnNSgIQsGNuJAK9gFOGyfTsR06SaYzE2kJ+Vf+Gd3qD7FqNrZn9XHuuZwTKimMxfjdKa2srq1vlDcrW9s7u3vV/YO2SVLNeIslMtHdkBouRcxbVljJu0pzGoWSd8Lxzc+988q1EUn8aGeK9yI6jMWLYNTOraB6Tyyf2ixOLEd2RO1VjsgkpQNEQm4pukaniFCpRjTIMM7RGSJmom3mEyXmSaqUTqYIu+d+nzChWVCtYRf/Ci2DV0ANCjWD6h0ZJCyNeGyZpMY8eVjZXka1FUzyvEJSwxVlYzrkWTQryCz6luvI5PNyb7FqGdp117tw/Qe/1qgXM8pwBMdwAh5cQgNuoQktYPAGH/AJX47ndJy+8/wXLTnFzyH8kyO+Ad+OdME=</latexit>

note that: � = �↵00/
p
4⇡ ⇡ 0.34�
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CMB birefringence from axion strings Andrew Long   (Rice University)

Are strings responsible for isotropic birefringence?

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

(using Planck & WMAP data)
<latexit sha1_base64="AySdLazUsB2bVVntXvE39HeEJ6c=">AAABr3icZY7LSsNAFIZP6q3WW9Slm2ARKtIw05bqQqHQjYhIBXsBp42TcWyHTi7MTIUS8la+jG71QYyaje2/Od9/LvzHj6XQBqF3q7Cyura+UdwsbW3v7O7Z+wc9Hc0U410WyUgNfKq5FCHvGmEkH8SK08CXvO9P2z/z/itXWkThg5nHfBjQcSheBKMma3n2HaEynlAvQSh1rpxqgt0aHhEmFEu9pIrcei13o+Qsc/XcOcSpNC/ISVZJQM1EBUn7Nj317DJy0a+cZcA5lCFXx7NvyHPEZgEPDZNU60eMYjNMqDKCSZ6WyEzzmLIpHfMkmOekF/uGq0CnWThejFqGXs3FTbdx3yi3LvM3inAEx1ABDOfQgmvoQBcYvMEHfMKXha2+NbKe/lYLVn5zCP9kiW8ydHKB</latexit>

↵00 = �1.21�+0.33�

�0.32� (68% CL)

<latexit sha1_base64="78HNiAX1Cxh/tKO7Nw1OZfak6fk=">AAABr3icZY5LS8NAFIVv6qvWV9Wlm8Fu3BgnNSgIQsGNuJAK9gFOGyfTsR06SaYzE2kJ+Vf+Gd3qD7FqNrZn9XHuuZwTKimMxfjdKa2srq1vlDcrW9s7u3vV/YO2SVLNeIslMtHdkBouRcxbVljJu0pzGoWSd8Lxzc+988q1EUn8aGeK9yI6jMWLYNTOraB6Tyyf2ixOLEd2RO1VjsgkpQNEQm4pukaniFCpRjTIMM7RGSJmom3mEyXmSaqUTqYIu+d+nzChWVCtYRf/Ci2DV0ANCjWD6h0ZJCyNeGyZpMY8eVjZXka1FUzyvEJSwxVlYzrkWTQryCz6luvI5PNyb7FqGdp117tw/Qe/1qgXM8pwBMdwAh5cQgNuoQktYPAGH/AJX47ndJy+8/wXLTnFzyH8kyO+Ad+OdME=</latexit>

note that: � = �↵00/
p
4⇡ ⇡ 0.34�

[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)]
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CMB birefringence from axion strings Andrew Long   (Rice University)

after the network collapses at redshift zc the accumulation of birefringence is shut off

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

Axion strings become connected together by domain walls

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

4

• Axion may be massive. When 3𝐻 ≃ 𝑚𝑎 the axion rolls down towards the vacuum 
and the string network collapses in simple scenarios      (𝑁𝑑𝑤 = 1). 

• The network approaches a ‘scaling’ solution . 𝜉 = 𝑐𝑜𝑛𝑠𝑡 in scaling
†

[Gorghetto, Hardy, Villadoro; Hindmarsh, Lizarraga, Lopez-Eiguren, Urrestilla; Kawasaki, Sekiguchi, Yamaguchi, 
Yokoyama; Blanco-Pillado, Olum, Shlaer…]

we′ll consider 𝑚𝑎 < 𝐻𝑐𝑚𝑏 ∼ 10−28eV[Gelmini, Simpson, Vitagliano]
GW waves etc<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)

19/28



CMB birefringence from axion strings Andrew Long   (Rice University)

Impact on birefringence
[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

�
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CMB birefringence from axion strings Andrew Long   (Rice University)

Implications
[Jain, Hagimoto, AL, Amin, arXiv:2208.08391]

raise the ALP mass
(network collapses earlier)

strong scale dependence è  possible to measure ma
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signatures of 
non-Gaussianity



CMB birefringence from axion strings Andrew Long   (Rice University)

Birefringence non-Gaussianity

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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Probing non-Gaussianity with scattering transform
[Yin, Dai, Ferraro (2023)]

NG information 
breaks the A2 x0 

degeneracy

comparison
pow-spec vs. scatt-transform

std. method
power spectrum
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signal: I0(x)
<latexit sha1_base64="wYB0yTzVJKcCLsrltsfB48aTj94="></latexit>

plane wave: �k(x)
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wavelet:  j.l(x)

<latexit sha1_base64="I7E4m/NmUkV9KOXGflBAitJhxQ4="></latexit>

Ij1,l1,j2,l22 (x) = h|Ij1,l11 ⇤  j2,l2 |2i(x)
<latexit sha1_base64="x3aEhr1uoeQcji9f2ujXHi/HrGs=">AAACKHicbZDLSgMxFIYz9X4fdekmWAQXUmakqBtBcKM7BdsKnTpk0jM1NpMZkjNiGfoaPoTP4FbX7sSlPonpZaHWHwJ/vnMOJ/mjTAqDnvfhlKamZ2bn5hcWl5ZXVtfc9Y26SXPNocZTmerriBmQQkENBUq4zjSwJJLQiLqng3rjHrQRqbrCXgathHWUiAVnaFHoeib0b+7oMQ0kUx0J9Nzei7s92aeBHpKwCBAeMIqLh77FoVv2Kt5QdNL4Y1MmY12E7mfQTnmegEIumTFN38uwVTCNgkvoLwa5gYzxLutA01rFEjCtYvizPt2xpE3jVNujkA7pz4mCJcb0ksh2Jgxvzd/aAP5Xa+YYH7UKobIcQfHRojiXFFM6iIm2hQaOsmcN41rYt1J+yzTjaMP8tSVKBpn4fxOYNPX9in9QqV5WyydH43TmyRbZJrvEJ4fkhJyRC1IjnDySZ/JCXp0n5815dz5GrSVnPLNJfsn5+gZqcKbF</latexit>

sj1 = hIj,l1 ix,l
<latexit sha1_base64="OuLmY3kL/OK9WZuTkTNuvko+0Mk="></latexit>

sj1,j22 = hIj1,l1,j2,l22 ix,l1,l2

new method
scattering transform

<latexit sha1_base64="xBuuZhkYgznQhwpWCXfSntxDKtk="></latexit>

Pk(x) = h|I0 ⇤ �k|2i(x)

<latexit sha1_base64="Rk4Y9V/jGpVdtnhYbd0DxOUU4Fg="></latexit>

Ij,l1 (x) = h|I0 ⇤  j,l|2i(x)
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Birefringence non-Gaussianity
excess kurtosis

can be O(1) at low multipoles

[Hagimoto & AL, arXiv:2306:07351]
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Machine learning for axion strings
package:  DeepSphere (Python)

architecture:   3 conv+pool layerstrain 3 SCNN’s to identify 3 LCM parameters
<latexit sha1_base64="RCB2ctHbcXe3/7PF/qzcgykD6Ro=">AAAB8HicbY7LTgIxGIVbvOF4G3XJphFNIDE4Q4iuTEA3xhUmcokWJp1SoaFzoe0YcTLP4Nadcesb+SDuBZ2FAmf15fzn5PxuKLjSlvUJM0vLK6tr2XVjY3Nre8fc3WuqIJKUNWggAtl2iWKC+6yhuRasHUpGPFewlju8nN5bj0wqHvi3ehyyjkf6Pn/glOiJ5Zgvd+gcYY/ogfRiEfQTJ7atpICfmSaOVUQGRscIj0YR6SGjtjg7dSgRcS3plhF+4nO99uLeNNktn/zpF5Fj5q2S9SM0D3YKeZCq7pjXuBfQyGO+poIodW9boe7ERGpOBUsMHCkWEjokfRZ745TUrK+Z9FQyGbdnp+ahWS7Zp6XKTSVfvUjfyIIcOAAFYIMzUAVXoA4agIIvmIOH8AhK+Arf4PtvNAPTzj74J/jxDe5NiMQ=</latexit>

Z = log10(ω0) , A = log10(A2ε0) , X = log10(ε
2
0/A)
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Summary

• If a hyper-light axion-like particle exists in Nature, the associated cosmological network 
of axion strings can leave an imprint on CMB polarization through birefringence

• We use existing measurements of anisotropic birefringence (Planck, SPT, …) to place 
constraints on  this scenario.  Next-generation telescopes (CMB-S4) will probe O(1) 
electromagnetic anomaly coefficients and thereby probe the axion’s UV embedding

• We find that it is difficult (but not impossible!) to reconcile the detection of isotropic 
birefringence with strong limits on anisotropic birefringence coming from axion strings

• We argue that measurements of anisotropic birefringence could not only reveal the 
presence of a hyper-light ALP in Nature, but also lead to a measurement of its mass

• Machine learning methods (spherical CNN) may prove useful to help to detect the subtle 
non-Gaussian signal of axion strings in next-generation CMB polarization data
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Analytical understanding

30

[Jain, AL, Amin, arXiv:2103:10962]
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correlations accumulate 
when both photons pass 
through the same loops
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Analytical understanding

31

[Jain, AL, Amin, arXiv:2103:10962]

correlation function
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R(t) = ⇣0/H(t)vary the loop radius:
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Machine learning for axion strings

32

SCNN’s for Z & A work well

SCNN for X struggles

How well does the SCNN 
reproduce a known input?
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Machine learning for axion strings

33

an SCNN trained on noise-less sims would require noise 
reduction to a level below the CMB-S4 projection to function

(needs to be trained on noisy sims)

°0.7 °0.6 °0.5 °0.4 °0.3 °0.2 °0.1 0.0 0.1

Ẑ
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Â

0

20

40

2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00

X̂

0

20

40

NCMB-S4
`

0.5 NCMB-S4
`

0.1 NCMB-S4
`

0.01 NCMB-S4
`

noiseless

How well would the SCNN perform on noisy data?
SCNN trained on noise-less sims … then shown sim + Gaussian noise



CMB birefringence from axion strings Andrew Long   (Rice University)

Complementary studies:  stable axion domain walls

34

[Takahashi & Yin (2020)]
[Nakagawa, Takahashi, & Yamada (2021)]
[Kitajima, Kozai, Takahashi, & Yin (2022)]

[Gonzalez, Kitajima, Takahashi, & Yin (2022)]
domain walls without strings

expected if Hinf ~~ fa birefringence signal
independent of propagation

possible to evade DW problem
imposes bound on mass & decay constant

possible to accommodate detection of 
isotropic BF and evade limits on anisotropic BF

(no random-walk enhancement)



CMB birefringence from axion strings Andrew Long   (Rice University)

<latexit sha1_base64="292kDlppK0mJDdTkSExaIzsDjYo="></latexit>

L � 1
2 (@a)

2 � 1
2m

2
aa

2 � 1
4ga��aFµ⌫ F̃

µ⌫

Theory landscape:  axion-like particles

35

<latexit sha1_base64="L5a9YmhSRx7SstrMu9gFfYreTNw=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgxbAb4uMY8OIxgnlAEsPsZDYZMjO7zMwKYQl+g1c9exOvfotH/8TZZA8msaChqOqmu8uPONPGdb+d3Nr6xuZWfruws7u3f1A8PGrqMFaENkjIQ9X2saacSdowzHDajhTFwue05Y9vU7/1RJVmoXwwk4j2BB5KFjCCjZVanvuYXFxO+8WSW3ZnQKvEy0gJMtT7xZ/uICSxoNIQjrXueG5keglWhhFOp4VurGmEyRgPacdSiQXVvWR27hSdWWWAglDZkgbN1L8TCRZaT4RvOwU2I73speJ/Xic2wU0vYTKKDZVkviiIOTIhSn9HA6YoMXxiCSaK2VsRGWGFibEJLWzxRZqJt5zAKmlWyt5VuXpfLdUqWTp5OIFTOAcPrqEGd1CHBhAYwwu8wpvz7Lw7H87nvDXnZDPHsADn6xf9ZZVo</latexit>

10�5

<latexit sha1_base64="7aourHkib++fdYaYuLFXeZyRbCg=">AAAB/nicbVA9SwNBEJ3zM8avqKXNYhBsDHchqGXAxjKC+YDkDHubvWTJ7t6xuyeEI+BvsNXaTmz9K5b+E/eSK0zig4HHezPMzAtizrRx3W9nbX1jc2u7sFPc3ds/OCwdHbd0lChCmyTikeoEWFPOJG0aZjjtxIpiEXDaDsa3md9+okqzSD6YSUx9gYeShYxgY6WO5z6ml5477ZfKbsWdAa0SLydlyNHol356g4gkgkpDONa667mx8VOsDCOcTou9RNMYkzEe0q6lEguq/XR27xSdW2WAwkjZkgbN1L8TKRZaT0RgOwU2I73sZeJ/Xjcx4Y2fMhknhkoyXxQmHJkIZc+jAVOUGD6xBBPF7K2IjLDCxNiIFrYEIsvEW05glbSqFe+qUruvlevVPJ0CnMIZXIAH11CHO2hAEwhweIFXeHOenXfnw/mct645+cwJLMD5+gVpe5We</latexit>

10�10

<latexit sha1_base64="86Ba+dqXqxkMHMjQWq3/PVTgf5E=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgxbAb4uMY8OIxgnlAEsPsZDYZMjO7zMwKYQn4DV717E28+ise/RNnkz2YxIKGoqqb7i4/4kwb1/12cmvrG5tb+e3Czu7e/kHx8Kipw1gR2iAhD1Xbx5pyJmnDMMNpO1IUC5/Tlj++Tf3WE1WahfLBTCLaE3goWcAINlZqe+5jcuFdTvvFklt2Z0CrxMtICTLU+8Wf7iAksaDSEI617nhuZHoJVoYRTqeFbqxphMkYD2nHUokF1b1kdu8UnVllgIJQ2ZIGzdS/EwkWWk+EbzsFNiO97KXif14nNsFNL2Eyig2VZL4oiDkyIUqfRwOmKDF8YgkmitlbERlhhYmxES1s8UWaibecwCppVsreVbl6Xy3VKlk6eTiBUzgHD66hBndQhwYQ4PACr/DmPDvvzofzOW/NOdnMMSzA+foFcV+Vow==</latexit>

10�15

<latexit sha1_base64="mK+59GMxgxsSScTneKNRf9wiIus=">AAAB/nicbVA9SwNBEJ3zM8avqKXNYhBsDHchqGXAxjKC+YDkDHubvWTJ7t6xuyeEI+BvsNXaTmz9K5b+E/eSK0zig4HHezPMzAtizrRx3W9nbX1jc2u7sFPc3ds/OCwdHbd0lChCmyTikeoEWFPOJG0aZjjtxIpiEXDaDsa3md9+okqzSD6YSUx9gYeShYxgY6WO5z6ml1V32i+V3Yo7A1olXk7KkKPRL/30BhFJBJWGcKx113Nj46dYGUY4nRZ7iaYxJmM8pF1LJRZU++ns3ik6t8oAhZGyJQ2aqX8nUiy0nojAdgpsRnrZy8T/vG5iwhs/ZTJODJVkvihMODIRyp5HA6YoMXxiCSaK2VsRGWGFibERLWwJRJaJt5zAKmlVK95VpXZfK9ereToFOIUzuAAPrqEOd9CAJhDg8AKv8OY8O+/Oh/M5b11z8pkTWIDz9QtrEJWf</latexit>

10�20

<latexit sha1_base64="3LbnnUoc68x4wn7odFwtL9gIx2c=">AAACH3icbVC7TsMwFHXKq5RXgJHFokKwUCWoAgaGSgwwFok+pCZUjuu2Vm0nsh2kKson8BF8AyvMbIi1I3+C02agLUeydXTOvbr3niBiVGnHmViFldW19Y3iZmlre2d3z94/aKowlpg0cMhC2Q6QIowK0tBUM9KOJEE8YKQVjG4zv/VMpKKheNTjiPgcDQTtU4y0kbr26aCbIG+AOM//FHqw43Gkh5Ind6SZPiXnbup37bJTcaaAy8TNSRnkqHftH68X4pgToTFDSnVcJ9J+gqSmmJG05MWKRAiP0IB0DBWIE+Un04NSeGKUHuyH0jyh4VT925EgrtSYB6Yy21Qtepn4n9eJdf/aT6iIYk0Eng3qxwzqEGbpwB6VBGs2NgRhSc2uEA+RRFibDOemBDw1mbiLCSyT5kXFvaxUH6rl2k2eThEcgWNwBlxwBWrgHtRBA2DwAt7AO/iwXq1P68v6npUWrLznEMzBmvwCKsyjjg==</latexit>

ga�� [GeV�1]

<latexit sha1_base64="yBjty7hwumFLcVPY79G7DzzNG1k=">AAACC3icbVDLSsNAFJ3UV62vaJduBovgqiRS1IWLghuXFewDmhAm00k7dGYSZiZCCP0Ev8Gtrt2JWz/CpX/ipM3Cth64cDjnXu7hhAmjSjvOt1XZ2Nza3qnu1vb2Dw6P7OOTnopTiUkXxyyWgxApwqggXU01I4NEEsRDRvrh9K7w+09EKhqLR50lxOdoLGhEMdJGCuw6DxD0oMeRnkieD0nPnwV2w2k6c8B14pakAUp0AvvHG8U45URozJBSQ9dJtJ8jqSlmZFbzUkUShKdoTIaGCsSJ8vN5+Bk8N8oIRrE0IzScq38vcsSVynhoNouQatUrxP+8YaqjGz+nIkk1EXjxKEoZ1DEsmoAjKgnWLDMEYUlNVognSCKsTV9LX0JedOKuNrBOepdN96rZemg12rdlO1VwCs7ABXDBNWiDe9ABXYBBBl7AK3iznq1368P6XKxWrPKmDpZgff0CTV2bGw==</latexit>

ma [eV]

<latexit sha1_base64="57fgfMJGkZy52oNVa1U9PvY4rbw=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUMuAjWUE8wHJGfY2e8mS3b1jd08IR/A32GptJ7b+Fkv/iXvJFSbxwcDjvRlm5gUxZ9q47rdT2Njc2t4p7pb29g8Oj8rHJ20dJYrQFol4pLoB1pQzSVuGGU67saJYBJx2gslt5neeqNIskg9mGlNf4JFkISPYWKnjuY+p584G5YpbdedA68TLSQVyNAfln/4wIomg0hCOte55bmz8FCvDCKezUj/RNMZkgke0Z6nEgmo/nZ87QxdWGaIwUrakQXP170SKhdZTEdhOgc1Yr3qZ+J/XS0x446dMxomhkiwWhQlHJkLZ72jIFCWGTy3BRDF7KyJjrDAxNqGlLYHIMvFWE1gn7VrVu6rW7+uVRi1PpwhncA6X4ME1NOAOmtACAhN4gVd4c56dd+fD+Vy0Fpx85hSW4Hz9AvvVlWc=</latexit>

1010
<latexit sha1_base64="SNQ9e/U88jYIR5H8rGk3bsVQk7g=">AAAB/HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJPo4kXjxiIo8EVjI7DDAyM7uZmTUhG/wGr3r2Zrz6Lx79E2dhDwJW0kmlqjvdXUHEmTau++3k1tY3Nrfy24Wd3b39g+LhUVOHsSK0QUIeqnaANeVM0oZhhtN2pCgWAaetYHyT+q0nqjQL5b2ZRNQXeCjZgBFsrNT03IfkYtorltyyOwNaJV5GSpCh3iv+dPshiQWVhnCsdcdzI+MnWBlGOJ0WurGmESZjPKQdSyUWVPvJ7NopOrNKHw1CZUsaNFP/TiRYaD0Rge0U2Iz0speK/3md2Ayu/YTJKDZUkvmiQcyRCVH6OuozRYnhE0swUczeisgIK0yMDWhhSyDSTLzlBFZJs1L2LsvVu2qpVsnSycMJnMI5eHAFNbiFOjSAwCO8wCu8Oc/Ou/PhfM5bc042cwwLcL5+AY/9lTE=</latexit>

105
<latexit sha1_base64="kFr37un7Ju2h35i+OmikOBcoe00=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUMuAjWUC5gOSI+xt5pIlu3fH7p4QjvwCW63txNafY+k/cZNcoYkPBh7vzTAzL0gE18Z1v5zC1vbO7l5xv3RweHR8Uj496+g4VQzbLBax6gVUo+ARtg03AnuJQioDgd1ger/wu0+oNI+jRzNL0Jd0HPGQM2qs1PKG5YpbdZcgm8TLSQVyNIfl78EoZqnEyDBBte57bmL8jCrDmcB5aZBqTCib0jH2LY2oRO1ny0Pn5MoqIxLGylZkyFL9PZFRqfVMBrZTUjPR695C/M/rpya88zMeJanBiK0WhakgJiaLr8mIK2RGzCyhTHF7K2ETqigzNps/WwI5t5l46wlskk6t6t1U6616pVHL0ynCBVzCNXhwCw14gCa0gQHCM7zAqzNz3px352PVWnDymXP4A+fzBxmik0Q=</latexit>

1
<latexit sha1_base64="L5a9YmhSRx7SstrMu9gFfYreTNw=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgxbAb4uMY8OIxgnlAEsPsZDYZMjO7zMwKYQl+g1c9exOvfotH/8TZZA8msaChqOqmu8uPONPGdb+d3Nr6xuZWfruws7u3f1A8PGrqMFaENkjIQ9X2saacSdowzHDajhTFwue05Y9vU7/1RJVmoXwwk4j2BB5KFjCCjZVanvuYXFxO+8WSW3ZnQKvEy0gJMtT7xZ/uICSxoNIQjrXueG5keglWhhFOp4VurGmEyRgPacdSiQXVvWR27hSdWWWAglDZkgbN1L8TCRZaT4RvOwU2I73speJ/Xic2wU0vYTKKDZVkviiIOTIhSn9HA6YoMXxiCSaK2VsRGWGFibEJLWzxRZqJt5zAKmlWyt5VuXpfLdUqWTp5OIFTOAcPrqEGd1CHBhAYwwu8wpvz7Lw7H87nvDXnZDPHsADn6xf9ZZVo</latexit>

10�5
<latexit sha1_base64="7aourHkib++fdYaYuLFXeZyRbCg=">AAAB/nicbVA9SwNBEJ3zM8avqKXNYhBsDHchqGXAxjKC+YDkDHubvWTJ7t6xuyeEI+BvsNXaTmz9K5b+E/eSK0zig4HHezPMzAtizrRx3W9nbX1jc2u7sFPc3ds/OCwdHbd0lChCmyTikeoEWFPOJG0aZjjtxIpiEXDaDsa3md9+okqzSD6YSUx9gYeShYxgY6WO5z6ml5477ZfKbsWdAa0SLydlyNHol356g4gkgkpDONa667mx8VOsDCOcTou9RNMYkzEe0q6lEguq/XR27xSdW2WAwkjZkgbN1L8TKRZaT0RgOwU2I73sZeJ/Xjcx4Y2fMhknhkoyXxQmHJkIZc+jAVOUGD6xBBPF7K2IjLDCxNiIFrYEIsvEW05glbSqFe+qUruvlevVPJ0CnMIZXIAH11CHO2hAEwhweIFXeHOenXfnw/mct645+cwJLMD5+gVpe5We</latexit>

10�10
<latexit sha1_base64="86Ba+dqXqxkMHMjQWq3/PVTgf5E=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgxbAb4uMY8OIxgnlAEsPsZDYZMjO7zMwKYQn4DV717E28+ise/RNnkz2YxIKGoqqb7i4/4kwb1/12cmvrG5tb+e3Czu7e/kHx8Kipw1gR2iAhD1Xbx5pyJmnDMMNpO1IUC5/Tlj++Tf3WE1WahfLBTCLaE3goWcAINlZqe+5jcuFdTvvFklt2Z0CrxMtICTLU+8Wf7iAksaDSEI617nhuZHoJVoYRTqeFbqxphMkYD2nHUokF1b1kdu8UnVllgIJQ2ZIGzdS/EwkWWk+EbzsFNiO97KXif14nNsFNL2Eyig2VZL4oiDkyIUqfRwOmKDF8YgkmitlbERlhhYmxES1s8UWaibecwCppVsreVbl6Xy3VKlk6eTiBUzgHD66hBndQhwYQ4PACr/DmPDvvzofzOW/NOdnMMSzA+foFcV+Vow==</latexit>

10�15
<latexit sha1_base64="mK+59GMxgxsSScTneKNRf9wiIus=">AAAB/nicbVA9SwNBEJ3zM8avqKXNYhBsDHchqGXAxjKC+YDkDHubvWTJ7t6xuyeEI+BvsNXaTmz9K5b+E/eSK0zig4HHezPMzAtizrRx3W9nbX1jc2u7sFPc3ds/OCwdHbd0lChCmyTikeoEWFPOJG0aZjjtxIpiEXDaDsa3md9+okqzSD6YSUx9gYeShYxgY6WO5z6ml1V32i+V3Yo7A1olXk7KkKPRL/30BhFJBJWGcKx113Nj46dYGUY4nRZ7iaYxJmM8pF1LJRZU++ns3ik6t8oAhZGyJQ2aqX8nUiy0nojAdgpsRnrZy8T/vG5iwhs/ZTJODJVkvihMODIRyp5HA6YoMXxiCSaK2VsRGWGFibERLWwJRJaJt5zAKmlVK95VpXZfK9ereToFOIUzuAAPrqEOd9CAJhDg8AKv8OY8O+/Oh/M5b11z8pkTWIDz9QtrEJWf</latexit>

10�20
<latexit sha1_base64="UXNXyXngwHT/MtnSh04nYIZ14Gk=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgxbAb4uMY8OIxgnlAEsPsZDYZMjO7zMwKYQn4DV717E28+ise/RNnkz2YxIKGoqqb7i4/4kwb1/12cmvrG5tb+e3Czu7e/kHx8Kipw1gR2iAhD1Xbx5pyJmnDMMNpO1IUC5/Tlj++Tf3WE1WahfLBTCLaE3goWcAINlZqe+5jclG5nPaLJbfszoBWiZeREmSo94s/3UFIYkGlIRxr3fHcyPQSrAwjnE4L3VjTCJMxHtKOpRILqnvJ7N4pOrPKAAWhsiUNmql/JxIstJ4I33YKbEZ62UvF/7xObIKbXsJkFBsqyXxREHNkQpQ+jwZMUWL4xBJMFLO3IjLCChNjI1rY4os0E285gVXSrJS9q3L1vlqqVbJ08nACp3AOHlxDDe6gDg0gwOEFXuHNeXbenQ/nc96ac7KZY1iA8/ULcvSVpA==</latexit>

10�25
<latexit sha1_base64="aIX+ddmMbdYvMl9GwGMwFoB9uqQ=">AAAB/nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iLQS0DNpYRzAckMext9pIlu3vH7p4QjoC/wVZrO7H1r1j6T9xLrjCJDwYe780wM8+PONPGdb+d3Nr6xuZWfruws7u3f1A8PGrqMFaENkjIQ9X2saacSdowzHDajhTFwue05Y9vU7/1RJVmoXwwk4j2BB5KFjCCjZXanvuYXFy6036x5JbdGdAq8TJSggz1fvGnOwhJLKg0hGOtO54bmV6ClWGE02mhG2saYTLGQ9qxVGJBdS+Z3TtFZ1YZoCBUtqRBM/XvRIKF1hPh206BzUgve6n4n9eJTXDTS5iMYkMlmS8KYo5MiNLn0YApSgyfWIKJYvZWREZYYWJsRAtbfJFm4i0nsEqalbJ3Va7eV0u1SpZOHk7gFM7Bg2uowR3UoQEEOLzAK7w5z8678+F8zltzTjZzDAtwvn4BbKWVoA==</latexit>

10�30
<latexit sha1_base64="ijvFYj2EoIuCZ6DJMXXv4a/hRVY=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYBC8GHZjfBwDXjxGMA9I1jA7mSRDZmaXmVkhLAG/wauevYlXf8Wjf+JssgeTWNBQVHXT3RVEnGnjut/Oyura+sZmbiu/vbO7t184OGzoMFaE1knIQ9UKsKacSVo3zHDaihTFIuC0GYxuU7/5RJVmoXww44j6Ag8k6zOCjZVanvuYnF9cTrqFoltyp0DLxMtIETLUuoWfTi8ksaDSEI61bntuZPwEK8MIp5N8J9Y0wmSEB7RtqcSCaj+Z3jtBp1bpoX6obEmDpurfiQQLrccisJ0Cm6Fe9FLxP68dm/6NnzAZxYZKMlvUjzkyIUqfRz2mKDF8bAkmitlbERlihYmxEc1tCUSaibeYwDJplEveValyXylWy1k6OTiGEzgDD66hCndQgzoQ4PACr/DmPDvvzofzOWtdcbKZI5iD8/ULdImVpQ==</latexit>

10�35
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<latexit sha1_base64="X557AvDBUaYXbyNcZzTRyk5zziQ=">AAAB/nicbVA9SwNBEJ2LXzF+RS1tFoOQxnAXgloGbCwjmA9IzrC32SRLdveO3T0hHAF/g63WdmLrX7H0n7iXXGESHww83pthZl4QcaaN6347uY3Nre2d/G5hb//g8Kh4fNLSYawIbZKQh6oTYE05k7RpmOG0EymKRcBpO5jcpn77iSrNQvlgphH1BR5JNmQEGyt1PPcxufSqs36x5FbcOdA68TJSggyNfvGnNwhJLKg0hGOtu54bGT/ByjDC6azQizWNMJngEe1aKrGg2k/m987QhVUGaBgqW9Kgufp3IsFC66kIbKfAZqxXvVT8z+vGZnjjJ0xGsaGSLBYNY45MiNLn0YApSgyfWoKJYvZWRMZYYWJsREtbApFm4q0msE5a1Yp3Vand10r1cpZOHs7gHMrgwTXU4Q4a0AQCHF7gFd6cZ+fd+XA+F605J5s5hSU4X79poZWW</latexit>

10�12
<latexit sha1_base64="/TTOHVF1Ko4x5+92kUdzhamqADk=">AAAB/HicbVA9TwJBEJ3DL8Qv1NJmIzGhIneGiCWJjSUm8pHASfaWBVZ29y67eybkgr/BVms7Y+t/sfSfuAdXCPiSSV7em8nMvCDiTBvX/XZyG5tb2zv53cLe/sHhUfH4pKXDWBHaJCEPVSfAmnImadMww2knUhSLgNN2MLlJ/fYTVZqF8t5MI+oLPJJsyAg2Vmp57kNSm/WLJbfizoHWiZeREmRo9Is/vUFIYkGlIRxr3fXcyPgJVoYRTmeFXqxphMkEj2jXUokF1X4yv3aGLqwyQMNQ2ZIGzdW/EwkWWk9FYDsFNmO96qXif143NsNrP2Eyig2VZLFoGHNkQpS+jgZMUWL41BJMFLO3IjLGChNjA1raEog0E281gXXSuqx4V5XqXbVUL2fp5OEMzqEMHtSgDrfQgCYQeIQXeIU359l5dz6cz0VrzslmTmEJztcvkCOVKQ==</latexit>

107
<latexit sha1_base64="RsDAQt9sudL73IDDaRq3Xv+S+ZI=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoOQi2FXgo9bwIvHCOYBSQyzk9lkyMzsMjMrhCXgN3jVszfx6q949E+cTfZgEgsaiqpuurv8iDNtXPfbya2tb2xu5bcLO7t7+wfFw6OmDmNFaIOEPFRtH2vKmaQNwwyn7UhRLHxOW/74NvVbT1RpFsoHM4loT+ChZAEj2Fip7bmPybl3M+0XS27FnQGtEi8jJchQ7xd/uoOQxIJKQzjWuuO5keklWBlGOJ0WurGmESZjPKQdSyUWVPeS2b1TdGaVAQpCZUsaNFP/TiRYaD0Rvu0U2Iz0speK/3md2ATXvYTJKDZUkvmiIObIhCh9Hg2YosTwiSWYKGZvRWSEFSbGRrSwxRdpJt5yAqukeVHxLivV+2qpVs7SycMJnEIZPLiCGtxBHRpAgMMLvMKb8+y8Ox/O57w152Qzx7AA5+sXdK2VnQ==</latexit>

10�19

<latexit sha1_base64="22qe4sACzj0PcOIAwmnRvEtVH+U=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tFoOQxnAnIVoGbCwjmA9IzrC32SRLdveO3T0hHMHfYKu1ndj6Wyz9J+4lV5jEBwOP92aYmRdEnGnjut9ObmNza3snv1vY2z84PCoen7R0GCtCmyTkoeoEWFPOJG0aZjjtRIpiEXDaDia3qd9+okqzUD6YaUR9gUeSDRnBxkptz31MLmuzfrHkVtw50DrxMlKCDI1+8ac3CEksqDSEY627nhsZP8HKMMLprNCLNY0wmeAR7VoqsaDaT+bnztCFVQZoGCpb0qC5+nciwULrqQhsp8BmrFe9VPzP68ZmeOMnTEaxoZIsFg1jjkyI0t/RgClKDJ9agoli9lZExlhhYmxCS1sCkWbirSawTlpXFa9Wqd5XS/Vylk4ezuAcyuDBNdThDhrQBAITeIFXeHOenXfnw/lctOacbOYUluB8/QL795Vf</latexit>

10�6

THIS TALK
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Axion-string induced birefringence signal [Jain, AL, Amin (2103.01962)]
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<latexit sha1_base64="3uw+SE58pU0rf8yHoEUe1lc9KZw=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSAIQtiVoCkDNpYRzAOSEGYnd5Mhs7PLzF01LPkIG3/FxkIRWws7/8bJo9DEAwOHc+7lzjl+LIVB1/12Miura+sb2c3c1vbO7l5+/6BuokRzqPFIRrrpMwNSKKihQAnNWAMLfQkNf3g18Rt3oI2I1C2OYuiErK9EIDhDK3XzZ22EB0x9oSHQQvVBcaBM9RPJNI2je9DUxMBRJ+G4my+4RXcKuky8OSmQOard/Fe7F/EkBIVcMmNanhtjJ2UaBZcwzrUTAzHjQ9aHlqWKhWA66TTUmJ5YpUeDSNunkE7V3xspC40Zhb6dDBkOzKI3Ef/zWgkG5U4qVJygTTs7FCSSYkQnDdGe7YKjHFnCuBb2r5QPmGYcbY85W4K3GHmZ1M+L3kWxdFMqVMrzOrLkiByTU+KRS1Ih16RKaoSTR/JMXsmb8+S8OO/Ox2w048x3DskfOJ8/dR2frg==</latexit>

birefringence angular power spectrum

<latexit sha1_base64="VRI0MSWr4qlfpQm31mFzaL6cDYg=">AAACKnicbVBNS8NAEN34WetX1KOXxVbwVJIiKoLQ4sWjglWhqWGy2erSzSbuTsQS+nu8+Fe89KCIV3+I29qDXwO7PN7M8N68KJPCoOe9OVPTM7Nz86WF8uLS8sqqu7Z+YdJcM95iqUz1VQSGS6F4CwVKfpVpDkkk+WXUOx71L++5NiJV59jPeCeBGyW6ggFaKnSbAfIHLMCYPOHmkAZ3OcS0moRAj6hXpQEFFdu/GjyI0KNBAn jLQBbNwXXdTvjVQehWvJo3LvoX+BNQIZM6Dd1hEKfMyilk0gq3fS/DTgEaBZN8UA5ywzNgPbjhbQsVWGOdYnzqgG5bJqbdVNunkI7Z7xsFJMb0k8hOjqya370R+V+vnWP3oFMIleXIFfsS6uaSYkpHudFYaM5Q9i0ApoX1StktaGBo0y3bEPzfJ/8FF/Wav1fbPdutNLxJHCWySbbIDvHJPmmQE3JKWoSRR/JMXsir8+QMnTfn/Wt0ypnsbJAf5Xx8Ap8PpDU=</latexit>

assumes: ma = 0 and ⇠0A2 = 1

Key features
• Power spectrum is almost scale invar.
• Characteristic scale (l @ the peak) set by loop size 

at LSS
• Smaller loops (z0) => weaker signal
• Trivial dependence on loop density (x0) and 

anomaly coefficient (A) … power scales with x0 A2

Testability
• Current telescopes (SPT/ACT) are already sensitive 

enough to test large loops (z0=1)
• Future suveys will be very powerful
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CMB probes of  axion strings: constraints [Yin, Dai, Ferraro (2111.12741)]

constraints on model 
parameters from 

Planck 2015

assumes ma = 0


