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ALPs again

axion-like
particles
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102 eV
<latexit sha1_base64="qsmH0CRuh7UpLp17v03VTsdKMyo=">AAACDXicbVDLSsNAFL2pr1pfUXHlZrAIrkpSirosuHFZwbZCE8tkOmmHziRhZiKU0G/wG9zq2p249Rtc+idO2ixs64ELh3Pu5R5OkHCmtON8W6W19Y3NrfJ2ZWd3b//APjzqqDiVhLZJzGP5EGBFOYtoWzPN6UMiKRYBp91gfJP73ScqFYujez1JqC/wMGIhI1gbqW+fuM5j5jpT5CFPYD2SIqOdad+uOjVnBrRK3IJUoUCrb/94g5ikgkaacKxUz3US7WdYakY4nVa8VNEEkzEe0p6hERZU+dks/hSdG2WAwliaiTSaqX8vMiyUmojAbOYR1bKXi/95vVSH137GoiTVNCLzR2HKkY5R3gUaMEmJ5hNDMJHMZEVkhCUm2jS28CUQeSfucgOrpFOvuZe1xl2j2qwX7ZThFM7gAly4gibcQgvaQCCDF3iFN+vZerc+rM/5askqbo5hAdbXL+lum1g=</latexit>

1010 eV

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

axion-like particles
(testable in the lab)

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

THIS TALK



What can cosmology
(particularly, CMB polarization) 

teach us about 
hyper-light axion-like particles?

work with … Mustafa Amin …     Ray Hagimoto ….    & Mudit Jain

[Jain, AL, Amin (2103.01962)]
[Amin, Hagimoto, Jain  (2208.XXXXX)]
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ALPs form axion strings
assume:  TRH > fa

[Kibble (1976)]
[Vilenkin & Vachaspati (1987)]
[graphic thanks to Mudit Jain (2021)]

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



String network evolution
• Long strings reconnect to form loops
• Loops evaporate by emitting axions
• Typical string length tracks Hubble:

• Average energy density tracks Hubble:

Open questions
• A log deviation from scaling?
• Energy spectrum of axion radiation?

<latexit sha1_base64="TCR1T3B6ZN0DV/Kt/TgvyiXZaQw=">AAACCXicbZDLSsNAFIYnXmu9RV26GSxC3ZREirosiNBlBXuBJoTJZNIOncyEmYlYQrdufBU3LhRx6xu4822ctllo6w8DH/85hzPnD1NGlXacb2tldW19Y7O0Vd7e2d3btw8OO0pkEpM2FkzIXogUYZSTtqaakV4qCUpCRrrh6Hpa794Tqajgd3qcEj9BA05jipE2VmBDjyE+YAQy6Mk5eShNpXiAUdCs6rPArjg1Zya4DG4BFVCoFdhfXiRwlhCuMUNK9V0n1X6OpKaYkUnZyxRJER6hAekb5Cghys9nl0zgqXEiGAtpHtdw5v6eyFGi1DgJTWeC9FAt1qbmf7V+puMrP6c8zTTheL4ozhjUAk5jgRGVBGs2NoCwpOavEA+RRFib8MomBHfx5GXonNfci1r9tl5p3BRxlMAxOAFV4IJL0ABN0AJtgMEjeAav4M16sl6sd+tj3rpiFTNH4I+szx8Oc5lN</latexit>

hli ⇡ dH(t)
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A cosmological network of  axion strings [Buschmann et. al. (2022)]

<latexit sha1_base64="pE5MWiOa5lB+h/UWVNwUhBmWZTM=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KUoh4LIvRYwbZCk4bNdtMu3c2G3Y0QQv0rXjwo4tUf4s1/47bNQVsfDDzem2FmXpgwqrTjfFuljc2t7Z3ybmVv/+DwyD4+6SmRSky6WDAhH0KkCKMx6WqqGXlIJEE8ZKQfTm/mfv+RSEVFfK+zhPgcjWMaUYy0kQK76smJgJ6iHEYBGjZge9gI7JpTdxaA68QtSA0U6AT2lzcSOOUk1pghpQauk2g/R1JTzMis4qWKJAhP0ZgMDI0RJ8rPF8fP4LlRRjAS0lSs4UL9PZEjrlTGQ9PJkZ6oVW8u/ucNUh1d+zmNk1STGC8XRSmDWsB5EnBEJcGaZYYgLKm5FeIJkghrk1fFhOCuvrxOeo26e1lv3jVrrdsijjI4BWfgArjgCrRAG3RAF2CQgWfwCt6sJ+vFerc+lq0lq5ipgj+wPn8A7+iTrQ==</latexit>
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Birefringence from axion strings
[Carroll, Field, Jackiw (1990,91)]
[Harari, Sikivie (1992)]
[Fedderke, Graham, Rajendran (1903.02666)]
[Agrawal, Hook, Huang  (1912.02823)]

CMB !
axion string loop

Rotated CMB !<latexit sha1_base64="kPI3Ndrj1kFhPwqgU+dggvNnh58=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KUom6Egi5cVrAPaEK4mU7aoZNJmJkItRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954w5Uxpx/m2Ciura+sbxc3S1vbO7p69f9BSSSYJbZKEJ7ITgqKcCdrUTHPaSSWFOOS0HQ6vp377gUrFEnGvRyn1Y+gLFjEC2kiBfeTdUK4BA77CVeylDEcBBHbZqTgz4GXi5qSMcjQC+8vrJSSLqdCEg1Jd10m1PwapGeF0UvIyRVMgQ+jTrqECYqr88ez6CT41Sg9HiTQlNJ6pvyfGECs1ikPTGYMeqEVvKv7ndTMdXfpjJtJMU0Hmi6KMY53gaRS4xyQlmo8MASKZuRWTAUgg2gRWMiG4iy8vk1a14p5Xane1cr2ax1FEx+gEnSEXXaA6ukUN1EQEPaJn9IrerCfrxXq3PuatBSufOUR/YH3+ANGxk30=</latexit>

�a = 2⇡fa

<latexit sha1_base64="nFHxlbN2FXwSoT1CjPit0P45P2A="></latexit>

Lint = � 1
4ga��aFµ⌫ F̃

µ⌫
<latexit sha1_base64="TMeZgcc4HeWgoEYJQzvVkjPWoBs="></latexit>

�� = 1
2ga��

Z

C
dXµ @µa(X)

<latexit sha1_base64="7gGf4OfnUXrntzR/yOChapTUbfI=">AAACFHicbVDLSgMxFM34rPU16lIXwSK4scxIUZcFNy4r2Ae0Q8mkmTY0kwzJHWkZuvEj/Aa3unYnbt279E9MHwvbeiBwcs69nOSEieAGPO/bWVldW9/YzG3lt3d29/bdg8OaUammrEqVULoREsMEl6wKHARrJJqROBSsHvZvx379kWnDlXyAYcKCmHQljzglYKW2e9ICNoCMDOztIukpUBJTldpo2R213YJX9CbAy8SfkQKaodJ2f1odRdOYSaCCGNP0vQSCjGjgVLBRvpUalhDaJ13WtFSSmJkgm/xihM+s0sGR0vZIwBP170ZGYmOGcWgnYwI9s+iNxf+8ZgrRTZBxmaTAJJ0GRanAoPC4EtzhmlEQQ0sI1dy+FdMe0YSCLW4uJYzHnfiLDSyT2mXRvyqW7kuFcnnWTg4do1N0jnx0jcroDlVQFVH0hF7QK3pznp1358P5nI6uOLOdIzQH5+sX6DWf3g==</latexit>

axion-photon coupling
<latexit sha1_base64="inG93I3UNj7LSEHkWk7Y/tF9PHs=">AAACGXicbVA9TwJBEN3DL8Qv1NJmlZhgQ+4MUUsSG0tM5CMBQvaWATbs7V525wzkQu2P8DfYam1nbK0s/SceH4WAL5nk5b2ZzMzzQyksuu63k1pb39jcSm9ndnb39g+yh0dVqyPDocK11KbuMwtSKKigQAn10AALfAk1f3A78WuPYKzQ6gFHIbQC1lOiKzjDRGpnT5sIQ4yNxqlAmepJoPlQywJlQ2Evxu1szi24U9BV4s1JjsxRbmd/mh3NowAUcsmsbXhuiK2YGRRcwjjTjCyEjA9YDxoJVSwA24qnr4zpeaJ0aFebpBTSqfp3ImaBtaPATzoDhn277E3E/7xGhN2bVixUGCEoPlvUjSRFTSe50I4wwFGOEsK4EcmtlPeZYRyT9Ba2+MEkE285gVVSvSx4V4XifTFXKs3TSZMTckbyxCPXpETuSJlUCCdP5IW8kjfn2Xl3PpzPWWvKmc8ckwU4X79UgKEB</latexit>

rotation angle (pol. axis)

<latexit sha1_base64="6SeAw/l4CUxTgXLDi5dEA/j8j+8="></latexit>

�� = ga��⇡fa ⌘ �A↵em

insensitive to PQ scale fa
direct probe of anomaly coefficient A
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Status of  CMB probes of  cosmo birefringence

if rotation angle is 
uniform across the sky:

if signal has a scale-
invariant power spectrum:

<latexit sha1_base64="FUcDScIbDFFi8YXvcne4qYFuKsk="></latexit>

|��| <

8
><

>:

1.5� (68% CL) , WMAP 7-yr

0.5� (68% CL) , Planck 2015

0.35� ± 0.14� , Minami & Komatsu (2020)

<latexit sha1_base64="Az4PnPSM5NCDSlpSdaVPieS5Pgk="></latexit>

h����i <

8
>>><

>>>:

0.1 deg2 (95% CL) , Planck 2018

0.11 deg2 (95% CL) , BICEP2/Keck

0.033 deg2 (95% CL) , SPTpol

0.033 deg2 (95% CL) , ACTpol



How do we calculate the effect 
of axion strings

on CMB polarization?
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A simplification:  the loop-crossing model [graphic sthanks to Ray Hagimoto (2022)]

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/tfgoqsoTeAlTK78u5cSbQuuBOoY6giQzW2q7qzt6xa gZOeAiMQtSAQXajv5leRFOAhJKzJAQA9OIpZ0iLilmZFq2EkFihMdoSAaKhiggwk7zKabwWCke9COuVihhrv7uSFEgxCRwVWWA5EjMe5n4nzdIpH9hpzSME0lCPHvITxiUEcwSgh7lBEs2UQRhTtWsEI8QR1iqHMsqBHP+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="1E1qrM3aoFD1OpCGe3TgbUZEaVk=">AAACCnicbVDLSgMxFM3UV62vUZduokVwUUpGiroRCm5cVrAP6AxDJs20oZnMkGTEOnTtxl9x40IRt36BO//GtJ2Fth64cHLOveTeEyScKY3Qt1VYWl5ZXSuulzY2t7Z37N29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD4dXEb99RqVgsbvUooV6E+4KFjGBtJN8+dDPoPlCNfVSB7j3zEXTH8BIa2alAxzx8u4yqaAq4SJyclEGOhm9/ub2YpBEVmnCsVNdBifYyLDUjnI5LbqpogskQ92nXUIEjqrxsesoYHhulB8NYmhIaTtXfExmOlBpFgemMsB6oeW8i/ud1Ux1eeBkTSaqpILOPwpRDHcNJLrDHJCWajwzBRDKzKyQDLDHRJr2SCcGZP3mRtE6rzlm1dlMr11EeRxEcgCNwAhxwDurgGjRAExDwCJ7BK3iznqwX6936mLUWrHxmH/yB9fkDu9OXrg==</latexit>

{⇣0, ⇠0} = {1, 1}
<latexit sha1_base64="lGOKNoT+uN7/sgD7EDWU64Xlhec=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFclJKRom6EghuXFewDOsOQSTNtaOZBkhHr0A9w46+4caGIWz/AnX9j2s5CWw8ETs45l+QePxFcaYy/raXlldW19cJGcXNre2e3tLffUnEqKWvSWMSy4xPFBI9YU3MtWCeRjIS+YG1/eDXx23dMKh5Ht3qUMDck/YgHnBJtJK9UdjLkPDBNPFxBzj33MHLG6BIZGVftCrLN1aRwFU+BFomdkzLkaHilL6cX0zRkkaaCKNW1caLdjEjNqWDjopMqlhA6JH3WNTQiIVNuNl1mjI6N0kNBLM2JNJqqvycyEio1Cn2TDIkeqHlvIv7ndVMdXLgZj5JUs4jOHgpSgXSMJs2gHpeMajEyhFDJzV8RHRBJqDb9FU0J9vzKi6R1WrXPqrWbWrmO8zoKcAhHcAI2nEMdrqEBTaDwCM/wCm/Wk/VivVsfs+iSlc8cwB9Ynz+n2pgg</latexit>

{⇣0, ⇠0} = {0.1, 1}

<latexit sha1_base64="IqxE+bu++hHycT2yXMoIoMfpRjQ=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBFclJKRom6EghuXFewDOsOQSTNtaOZBkhHr0A9w46+4caGIWz/AnX9j2s5CWw8ETs45l+QePxFcaYy/raXlldW19cJGcXNre2e3tLffUnEqKWvSWMSy4xPFBI9YU3MtWCeRjIS+YG1/eDXx23dMKh5Ht3qUMDck/YgHnBJtJK9UdjLkPDBNPFxBzj33MHLG6BIZ2a4gXLXN1aRwFU+BFomdkzLkaHilL6cX0zRkkaaCKNW1caLdjEjNqWDjopMqlhA6JH3WNTQiIVNuNl1mjI6N0kNBLM2JNJqqvycyEio1Cn2TDIkeqHlvIv7ndVMdXLgZj5JUs4jOHgpSgXSMJs2gHpeMajEyhFDJzV8RHRBJqDb9FU0J9vzKi6R1WrXPqrWbWrmO8zoKcAhHcAI2nEMdrqEBTaDwCM/wCm/Wk/VivVsfs+iSlc8cwB9Ynz+nupgg</latexit>

{⇣0, ⇠0} = {1, 0.1}

<latexit sha1_base64="3QcZ4FzwxmYa0aPEBvFpR8jbwjE=">AAACE3icbVDLSgMxFM34rPVVdekmWIQqUmekqBuh6KbLKvYBbRkymVsNZh4kd4Q69B/c+CtuXCji1o07/8b0sdDWA4HDOecmN8eLpdBo29/WzOzc/MJiZim7vLK6tp7b2KzrKFEcajySkWp6TIMUIdRQoIRmrIAFnoSGd3cx8Bv3oLSIwmvsxdAJ2E0ouoIzNJKb278q4B49o2l7eFeqwO/T9gMgc21DDqjvVgaJQ3rk5vJ20R 6CThNnTPJkjKqb+2r7EU8CCJFLpnXLsWPspEyh4BL62XaiIWb8jt1Ay9CQBaA76XCPPt01ik+7kTInRDpUf0+kLNC6F3gmGTC81ZPeQPzPayXYPe2kIowThJCPHuomkmJEBwVRXyjgKHuGMK6E2ZXyW6YYR1Nj1pTgTH55mtSPis5xsXRZypfPx3VkyDbZIQXikBNSJhVSJTXCySN5Jq/kzXqyXqx362MUnbHGM1vkD6zPH729m4o=</latexit>

R(t) = ⇣0 dH(t)/2
<latexit sha1_base64="bEMXy1wbDuhoBUvUqzlHWwm/LX8=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApuChDRoq6EQpuXFawF+gMQybNtKGZC0lGrEOfwI2v4saFIm5du/NtzLSz0NYDCT/ffw7J+f2EM6kQ+jZKK6tr6xvlzcrW9s7unrl/0JFxKghtk5jHoudjSTmLaFsxxWkvERSHPqddf3yV+907KiSLo1s1Sagb4mHEAkaw0sgza04GnQeqsIfq0LlnHoLOFF5CjZFl1/NLA8+sIgvNCi4LuxBVUFTLM7+cQUzSkEaKcCxl30aJcjMsFCOcTitOKmmCyRgPaV/LCIdUutlsnSmsaTKAQSz0iRSc0d8TGQ6lnIS+7gyxGslFL4f/ef1UBRduxqIkVTQi84eClEMVwzwbOGCCEsUnWmAimP4rJCMsMFE6wYoOwV5ceVl0Ti37zGrcNKpNVMRRBkfgGJwAG5yDJrgGLdAGBDyCZ/AK3own48V4Nz7mrSWjmDkEf8r4/AGUhZiS</latexit>

{⇣0, ⇠0} = {0.1, 0.1}

<latexit sha1_base64="m+zj0Pwu9rZPCB+WFcSKBEBYStg=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRoi4LIrisYB/QhDCZ3LZDJw9mJkINAX/FjQtF3Pod7vwbp2kW2nrgwuGce+fOPX7CmVSW9W1UVlbX1jeqm7Wt7Z3dPXP/oCvjVFDo0JjHou8TCZxF0FFMcegnAkjoc+j5k+uZ33sAIVkc3atpAm5IRhEbMkqUljzzKHOKRzIBQY6dR1DEs3LPrFsNqwBeJnZJ6qhE2zO/nCCmaQiRopxIObCtRLkZEYpRDnnNSSUkhE7ICAaaRiQE6WbF5hyfaiXAw1joihQu1N8TGQmlnIa+7gyJGstFbyb+5w1SNbxyMxYlqYKIzhcNU45VjGdZ4IAJoIpPNSFUMP1XTMdEEKp0YjUdgr148jLpnjfsi0bzrllv3ZRxVNExOkFnyEaXqIVuURt1EEUZekav6M14Ml6Md+Nj3loxyplD9AfG5w+gpJXu</latexit>

⇣0

<latexit sha1_base64="JQIdnalMaDDImPNSvlm7BjlBo90=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRS1GVBBJcV7AOaECaTSTt0MgkzEzGE+CtuXCji1g9x5984TbPQ1gMXDufcO3fu8RNGpbKsb6O2tr6xuVXfbuzs7u0fmIdHAxmnApM+jlksRj6ShFFO+ooqRkaJICjyGRn6s+u5P3wgQtKY36ssIW6EJpyGFCOlJc9s5k75SC5IUEDnkXpW4Zktq22VgKvErkgLVOh55pcTxDiNCFeYISnHtpUoN0dCUcxI0XBSSRKEZ2hCxppyFBHp5uXeAp5qJYBhLHRxBUv190SOIimzyNedEVJTuezNxf+8carCKzenPEkV4XixKEwZVDGcJwEDKghWLNMEYUH1XyGeIoGw0nk1dAj28smrZHDeti/anbtOq3tTxVEHx+AEnAEbXIIuuAU90AcYZOAZvII348l4Md6Nj0VrzahmmuAPjM8fBoKVBw==</latexit>

⇠0

loop 
size

loop 
density
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Net birefringence from the whole string network [Ray Hagimoto (2022)]

<latexit sha1_base64="gfN9lD+kCoPP2/hiQ6hSQq6BA00=">AAACVHicbVDPS9xAFJ7EWnVt7VqPXoYuiqclKYuKIFh66dGCq8JmCS+Tt+uwk0k68yJuQ/7IehD6l/TioZM1itU+GPje937N9yWFkpaC4LfnL71ZfruyutZZf/d+40N38+O5zUsjcChylZvLBCwqqXFIkhReFgYhSxReJLOvTf3iGo2VuT6jeYHjDKZaTqQAclTcnUWEN1QVYCBDco1HNd/l0Y8SUh4lOJW6Em69rXkWAz/mAY 8iHmVAVwJU9aV2VLigfiJBHDylN/IxQZ22K+JuL+gHi+CvQdiCHmvjNO7eRmkuygw1CQXWjsKgoHEFhqRQWHei0mIBYgZTHDmonQQ7rham1HzHMSmf5MY9TXzBPp+oILN2niWus5FjX9Ya8n+1UUmTw3EldVESavFwaFIqTjlvHOapNChIzR0AYaT7KxdXzl/R2NtxJoQvJb8G55/74X5/8H3QOzls7Vhl2+wT22MhO2An7Bs7ZUMm2C/2x2Oe59159/6Sv/zQ6nvtzBb7J/yNv+LYr9k=</latexit>

parameters:

8
>>><

>>>:

ma = 0

A = 1

⇣0 = 1

⇠0 = 1

<latexit sha1_base64="yV7KHGyvKWlH04Hn9NfcQ6CWWAU=">AAACE3icbVC7SgNBFJ31bXxFLW0GoyAWYVeCWgpaWEYwKmRDuDu5a4bM7iwzd8Ww5B9s/BUbC0Vsbez8Gycxha8DA4dz7uHOPVGmpCXf//AmJqemZ2bn5ksLi0vLK+XVtQurcyOwIbTS5ioCi0qm2CBJCq8yg5BECi+j3vHQv7xBY6VOz6mfYSuB61TGUgA5qV3eDQlvqQCeQMZ1zLfCE1QEPKx35RbXLsqpi9z2+oN2ueJX/RH4XxKMSYWNUW+X38OOFnmCKQkF1jYDP6NWAYakUDgohbnFDEQPrrHpaAoJ2lYxumnAt53S4bE27qXER+r3RAGJtf0kcpMJUNf+9obif14zp/iwVcg0ywlT8bUozhUnzYcF8Y40KEj1HQFhpPsrF10wIMjVWHIlBL9P/ksu9qrBfrV2VqscHY7rmGMbbJPtsIAdsCN2yuqswQS7Yw/siT17996j9+K9fo1OeOPMOvsB7+0TOCydGg==</latexit>

a map of �� over the sky

<latexit sha1_base64="M2e80NT/6ikx6sUME5DyekgUnpc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2A9IQtlsN+3SzSbsToRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KJPCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNmmuGW+xVKa6G1HDpVC8hQIl72aa0ySSvBONbmd+54lrI1L1iOOMhwkdKBELRtFKfnDHJVISNIeiV625dXcOskq8gtSgQLNX/Qr6KcsTrpBJaozvuRmGE6pRMMmnlSA3PKNsRAfct1TRhJtwMj95Ss6s0idxqm0pJHP198SEJsaMk8h2JhSHZtmbif95fo7xTTgRKsuRK7ZYFOeSYEpm/5O+0JyhHFtCmRb2VsKGVFOGNqWKDcFbfnmVtC/q3lX98uGy1nCLOMpwAqdwDh5cQwPuoQktYJDCM7zCm4POi/PufCxaS04xcwx/4Hz+AJblkMI=</latexit>

��

<latexit sha1_base64="M2e80NT/6ikx6sUME5DyekgUnpc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2A9IQtlsN+3SzSbsToRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KJPCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNmmuGW+xVKa6G1HDpVC8hQIl72aa0ySSvBONbmd+54lrI1L1iOOMhwkdKBELRtFKfnDHJVISNIeiV625dXcOskq8gtSgQLNX/Qr6KcsTrpBJaozvuRmGE6pRMMmnlSA3PKNsRAfct1TRhJtwMj95Ss6s0idxqm0pJHP198SEJsaMk8h2JhSHZtmbif95fo7xTTgRKsuRK7ZYFOeSYEpm/5O+0JyhHFtCmRb2VsKGVFOGNqWKDcFbfnmVtC/q3lX98uGy1nCLOMpwAqdwDh5cQwPuoQktYJDCM7zCm4POi/PufCxaS04xcwx/4Hz+AJblkMI=</latexit>

��

<latexit sha1_base64="M2e80NT/6ikx6sUME5DyekgUnpc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2A9IQtlsN+3SzSbsToRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KJPCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNmmuGW+xVKa6G1HDpVC8hQIl72aa0ySSvBONbmd+54lrI1L1iOOMhwkdKBELRtFKfnDHJVISNIeiV625dXcOskq8gtSgQLNX/Qr6KcsTrpBJaozvuRmGE6pRMMmnlSA3PKNsRAfct1TRhJtwMj95Ss6s0idxqm0pJHP198SEJsaMk8h2JhSHZtmbif95fo7xTTgRKsuRK7ZYFOeSYEpm/5O+0JyhHFtCmRb2VsKGVFOGNqWKDcFbfnmVtC/q3lX98uGy1nCLOMpwAqdwDh5cQwPuoQktYJDCM7zCm4POi/PufCxaS04xcwx/4Hz+AJblkMI=</latexit> �
�
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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>

Ceb
` ⇠ sin(4��)

�
Cee

` � Cbb
`

�
' − #$%&
pol pattern
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Interfacing with CMB data [Contreras, Boubel, Scott (1705.06387)]
[Pogosian , Shimon Mewes, Keating(1904.07855)]

<latexit sha1_base64="rKX68NCOamMMMvhTkN2YV+unURc=">AAACJ3icbVDLSgMxFM3Ud31VXboJFsFVmSn1sRLBjcsKVgttKZn0ThuaSYbkjlqH/o0bf8WNoCK69E9MHwtfBwKHcx+554SJFBZ9/8PLzczOzS8sLuWXV1bX1gsbm5dWp4ZDjWupTT1kFqRQUEOBEuqJARaHEq7C/umofnUNxgqtLnCQQCtmXSUiwRk6qV04biLcYpY1BdKqZIr3adkP9odUWMq1su4CUEhvBPboHRhNQ2EgMk J1QXEYtgtFv+SPQf+SYEqKZIpqu/Dc7Giexm4pl8zaRuAn2MqYQcElDPPN1ELCeJ91oeGoYjHYVjb2OaS7TunQSBv33FFj9ftExmJrB3HoOmOGPfu7NhL/qzVSjI5amVBJ6tzyyUdRKilqOgqNdpxpjnLgCONGuFsp7zHDOLpo8y6E4Lflv+SyXAoOSpXzSvGkPI1jkWyTHbJHAnJITsgZqZIa4eSePJIX8uo9eE/em/c+ac1505kt8gPe5xd716ZQ</latexit>

Planck 2015 is consistent with zero birefringence

<latexit sha1_base64="GVGA8de7TIuKm6LqM3cmCtRcH/U=">AAACGXicbVDLSgNBEJz1GeMr6tHLYBA8hd0Q1KMoiBchglEhWcLsbCcZMruzzPSoYclvePFXvHhQxKOe/BsnMQdfBQ1FVTfdXVEmhUHf//Cmpmdm5+YLC8XFpeWV1dLa+oVRVnNocCWVvoqYASlSaKBACVeZBpZEEi6j/tHIv7wGbYRKz3GQQZiwbio6gjN0UrvktxBuMT+2aDXQo9NDiiDBcJWBoTdCShormljeoxEggh62S2W/4o9B/5JgQspkgnq79NaKFbcJpMglM6YZ+BmGOdMouIRhsWUNZIz3WReajqYsARPm48+GdNspMe0o7SpFOla/T+QsMWaQRK4zYdgzv72R+J/XtNjZD3ORZhYh5V+LOlZSVHQUE42FBo5y4AjjWrhbKe8xzbjLwBRdCMHvl/+Si2ol2K3Uzmrlg+okjgLZJFtkhwRkjxyQE1InDcLJHXkgT+TZu/cevRfv9at1ypvMbJAf8N4/AZXmoJ8=</latexit>

Future CMB telescopes will do much better
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Axion-string induced birefringence signal [Jain, AL, Amin (2103.01962)]

BICEP2/Keck

Lit
eB
IR
D

Sim
on
s

P
IC
OCM

B-
S4

⇣0 = 1

⇣0 = 10�0.5

⇣0 = 10�1

101 102

10-3

10-2

10-1

ACTpol, SPTpol

<latexit sha1_base64="3uw+SE58pU0rf8yHoEUe1lc9KZw=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSAIQtiVoCkDNpYRzAOSEGYnd5Mhs7PLzF01LPkIG3/FxkIRWws7/8bJo9DEAwOHc+7lzjl+LIVB1/12Miura+sb2c3c1vbO7l5+/6BuokRzqPFIRrrpMwNSKKihQAnNWAMLfQkNf3g18Rt3oI2I1C2OYuiErK9EIDhDK3XzZ22EB0x9oSHQQvVBcaBM9RPJNI2je9DUxMBRJ+G4my+4RX cKuky8OSmQOard/Fe7F/EkBIVcMmNanhtjJ2UaBZcwzrUTAzHjQ9aHlqWKhWA66TTUmJ5YpUeDSNunkE7V3xspC40Zhb6dDBkOzKI3Ef/zWgkG5U4qVJygTTs7FCSSYkQnDdGe7YKjHFnCuBb2r5QPmGYcbY85W4K3GHmZ1M+L3kWxdFMqVMrzOrLkiByTU+KRS1Ih16RKaoSTR/JMXsmb8+S8OO/Ox2w048x3DskfOJ8/dR2frg==</latexit>

birefringence angular power spectrum

<latexit sha1_base64="VRI0MSWr4qlfpQm31mFzaL6cDYg="></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



What about ma?
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Impact of  nonzero axion mass [Amin, Hagimoto, Jain, AL (2208.XXXXX)]

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)

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



<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)
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Impact of  nonzero axion mass [Amin, Hagimoto, Jain, AL (2208.XXXXX)]
<latexit sha1_base64="3L84LuuKS9RPfRvmlQDbCJ4Xu6s=">AAACK3icbZC7SgNBFIZnvcZ4W7W0GQyChYRdDZpGiNhYRjAXyIbl7OwkGTJ7cWZWjMs+iA/hM9hqbaXYWPgeTi6FSfxh4Oc753Dm/F7MmVSW9WEsLC4tr6zm1vLrG5tb2+bObl1GiSC0RiIeiaYHknIW0ppiitNmLCgEHqcNr381rDfuqZAsCm/VIKbtALoh6zACSiPXPHUCUD0CPL3M8AW2j7Fzl4CPnUeqwLWm0AMbA9csWEVrJDxv7IkpoImqrvnt+BFJAhoqwkHKlm3Fqp2CUIxwmuWdRNIYSB+6tKVtCAGV7XR0XIYPNfFxJxL6hQqP6N+JFAIpB4GnO4enyNnaEP5XayWqU26nLIwTRUMyXtRJOFYRHiaFfSYoUXygDRDB9F8x6YEAonSeU1u8INOZ2LMJzJv6SdE+K5ZuSoVKeZJODu2jA3SEbHSOKugaVVENEfSEXtArejOejXfj0/gaty4Yk5k9NCXj5xcODqUI</latexit>

A = 1, ⇣0 = 1, ⇠0 = 1

axion mass induces strong scale dependence
larger ma è. suppresses power on large angular scales
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Implications / context
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Key messages
• The axion mass sets a new scale in the 

power spectrum
• Detection of this signal would not only 

provide evidence for ALPs in nature + 
axion strings, but also inform us about 
the ALP mass scale!



Get ready for coffee … 



Andrew J. Long   (Rice University)CMB birefringence from ultra-light axion string networks 19/19

Summary

Hyper axion-like particles may manifest themselves in our Universe as a network of axion strings

… such particles arise in theories with compactified extra dimensions

An axion-photon coupling leads to the phenomenon of axion-string-induced cosmological birefringence

… and leaves a distinctive imprint on the cosmic microwave background radiation

We generate birefringence sky maps and calculate the power spectrum for a variety of string network models

… current CMB telescopes + future suveys will probe O(1) values of the anomaly coefficeint

Axions with H0 < ma < Hcmb leave a very distinctive imprint on CMB & are exceptionally testable

… the string network collapses when H=ma suppressing power on large angular scales

… these observations are an avenue for discovering ALPs and measuring their mass
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BACKUP SLIDES



Want to: Convert !, #, $ → &.

Suppose we knew primordial CMB '!, '#, ($. 

Under birefringence these transform like

QUADRATIC ESTIMATORS

Quadratic Estimators

21

'! → ! = '!
'# ± + ($ → # ± +$ = '# ± + ($ ,±-./.

or, since & is small:

'# ± + ($ ,±-./ ≈ '# ± + ($ (1 ± 2+&)

Birefringence map &(67)

Introduction
CMB & BSM physics
Cosmic Birefringence
Axion loops rotate photons
What is an axion string?
Axion signal

Quadratic Estimators
Effect of & on '!, '#, ($
Mode-coupling functions
Hu-Okamoto estimator
Proof of principle



After some maths (and introducing !-modes, and "-modes)

QUADRATIC ESTIMATORS

22

! "

Now we have a statistical relationship between # and a pair of the 
observables ($, & ∈ {), !, "})

≡ ensemble average over CMB realisations. 

Birefringence map #(./)

Introduction
CMB & BSM physics
Cosmic Birefringence
Axion loops rotate photons
What is an axion string?
Axion signal

Quadratic Estimators
Effect of # on 0), 01, 23
Mode-coupling functions
Hu-Okamoto estimator
Proof of principle



QUADRATIC ESTIMATORS
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Maybe we can estimate ! with something of the form (Hu & Okamoto, 2002)

where "! must satisfy .

Minimising the variance of "!:

Quadratic Estimators
Effect of ! on #$, #&, '(
Mode-coupling functions
Hu-Okamoto estimator
Proof of principle

Birefringence map !("*)

Introduction
CMB & BSM physics
Cosmic Birefringence
Axion loops rotate photons
What is an axion string?
Axion signal
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Astrophysical limits
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