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Introduction
Axions domain walls are created after QCD phase transition.

If the QCD axions have multiple degenerate minima, the string domain wall 
network is stable. 

Domain walls quickly dominate the energy density of the universe, unless they decay. 

The collapse of domain walls can create axion DM, GWs.
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Multiple axions
In general, it is imperative to consider multiple axion scenario 
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Kij is the kinetic mixing matrix which we assume to be diagonal
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Qni are the integer instanton charges 

The axions are generally coupled 
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4

<latexit sha1_base64="yHE6xxeA9fAIOqgj3mBOsvmZXOg=">AAACEXicbVA7T8MwGHTKq5RXgJHFokIqA1WCUGGsYGFgKII+pCaKHMdprTpOZDuIKupfYOGvsDCAECsbG/8Gtw0StJxk6Xx3n+zv/IRRqSzryygsLC4trxRXS2vrG5tb5vZOS8apwKSJYxaLjo8kYZSTpqKKkU4iCIp8Rtr+4GLst++IkDTmt2qYEDdCPU5DipHSkmdWnCsdDpDHHUkj+HPLpBKU90YOuU8qRzceP/TMslW1JoDzxM5JGeRoeOanE8Q4jQhXmCEpu7aVKDdDQlHMyKjkpJIkCA9Qj3Q15Sgi0s0mG43ggVYCGMZCH67gRP09kaFIymHk62SEVF/OemPxP6+bqvDMzShPUkU4nj4UpgyqGI7rgQEVBCs21ARhQfVfIe4jgbDSJZZ0CfbsyvOkdVy1a9Xa9Um5fp7XUQR7YB9UgA1OQR1cggZoAgwewBN4Aa/Go/FsvBnv02jByGd2wR8YH987i51H</latexit>

⇤n ⇠ ⇤string exp(�Sn)



Unstable domain walls
String theory axions strings are different than field theory axion strings.

In the case of multiple axion, it is possible to populate the observed abundance of DM.

If the string domain wall network is unstable, the strings overproduce QCD axion DM.

What happens if the string domain wall network is stable for a long time?

Joshua N. Benabou, Quentin Bonnefoy, Malte Buschmann,  Soubhik Kumar and Benjamin R. Safdi, arXiv:2312.08425
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Domain wall decay
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N11 = 1 The string domain wall network is unstable and decays quickly.
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N11 6= 1 The network is stable for a long time.

Joshua N. Benabou, Quentin Bonnefoy, Malte Buschmann,  Soubhik Kumar and Benjamin R. Safdi, arXiv:2312.08425
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Domain wall decay

To avoid domain wall domination 

<latexit sha1_base64="FS4eMa6/c9yztfX1rtAqhv0TS+w=">AAACFXicbVDLSgMxFM34rPU16tJNsAgupMyIr5UU3bhQqGAf0BmGTCbThmYeJhmhhPkJN/6KGxeKuBXc+Tem7QjaeiBwOOdcbu7xU0aFtKwvY2Z2bn5hsbRUXl5ZXVs3NzabIsk4Jg2csIS3fSQIozFpSCoZaaecoMhnpOX3L4Z+655wQZP4Vg5S4kaoG9OQYiS15Jn7zpUOB8jzz36Y7Yg7LpUTcoRV6Nm5uvZUyvI898yKVbVGgNPELkgFFKh75qcTJDiLSCwxQ0J0bCuVrkJcUsxIXnYyQVKE+6hLOprGKCLCVaOrcrirlQCGCdcvlnCk/p5QKBJiEPk6GSHZE5PeUPzP62QyPHUVjdNMkhiPF4UZgzKBw4pgQDnBkg00QZhT/VeIe0i3IXWRZV2CPXnyNGkeVO3j6tHNYaV2XtRRAttgB+wBG5yAGrgEddAAGDyAJ/ACXo1H49l4M97H0RmjmNkCf2B8fAN6v5+y</latexit>

⇤b > ⇤1

s
f1
Mpl

<latexit sha1_base64="73yCwrHMHakLthu5N1K/sn0ibGk=">AAACDXicbVA7SwNBEJ7zGePr1NJmMQpW4TZItBGCNlYSwTwgOY69zSZZsvdgd08IR/6AjX/FxkIRW3s7/42b3BWaOLDM930zw+x8fiy40o7zbS0tr6yurRc2iptb2zu79t5+U0WJpKxBIxHJtk8UEzxkDc21YO1YMhL4grX80fW03npgUvEovNfjmLkBGYS8zynRRvLs41svxZXJpUkVnKWM+RnzDcOeXXLKzizQIsA5KEEedc/+6vYimgQs1FQQpTrYibWbEqk5FWxS7CaKxYSOyIB1DAxJwJSbzq6ZoBOj9FA/kuaFGs3U3xMpCZQaB77pDIgeqvnaVPyv1kl0/8JNeRgnmoU0W9RPBNIRmlqDelwyqsXYAEIlN39FdEgkodoYWDQm4PmTF0GzUsbVcvXurFS7yu0owCEcwSlgOIca3EAdGkDhEZ7hFd6sJ+vFerc+stYlK585gD9hff4AoX+aCg==</latexit>

N12 = N21 = N22 = Nb1 = Nb2 = 1
<latexit sha1_base64="z8ojuP7JqQcJ65ZVTfqryXGHqv0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktUr0IRS8eK9gPaZeSTbNtaJJdkqxQlv4KLx4U8erP8ea/Md3uQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNzO/c4TVZpF8sFMY+oLPJIsZAQbKz2GA+86HNRslStu1c2AVomXkwrkaA7KX/1hRBJBpSEca93z3Nj4KVaGEU5npX6iaYzJBI9oz1KJBdV+mh08Q2dWGaIwUrakQZn6eyLFQuupCGynwGasl725+J/XS0x45adMxomhkiwWhQlHJkLz79GQKUoMn1qCiWL2VkTGWGFibEYlG4K3/PIqadeqXr1av7+oNG7yOIpwAqdwDh5cQgPuoAktICDgGV7hzVHOi/PufCxaC04+cwx/4Hz+AKW4j6w=</latexit>

f1 = f2 = f

<latexit sha1_base64="kxZFLqW0neoHRbbkWGL3bBoj1PQ="></latexit>

Vb(a1, a2) = ⇤4
b


1� cos

✓
Nb1

a1
f1

+Nb2
a2
f2

+ �b

◆�

<latexit sha1_base64="0YhN1O3cApFwxB9/ysMukTapTEw="></latexit>

V2(a1, a2) = ⇤4
2


1� cos

✓
N21

a1
f1

+N22
a2
f2

+ �2

◆�
<latexit sha1_base64="T/ZcYHhkpZw/TXbfQbcxOmJX/I4=">AAACBnicbZDLSsNAFIZPvNZ6i7oUIVgEVyUpUl1J0Y0LFxXsBdoQJpNJO3QyCTMToYSu3Pgqblwo4tZncOfbOG2jaOsPAx//OYcz5/cTRqWy7U9jYXFpeWW1sFZc39jc2jZ3dpsyTgUmDRyzWLR9JAmjnDQUVYy0E0FQ5DPS8geX43rrjghJY36rhglxI9TjNKQYKW155kH3WjcHyHPOv6nyQ75nluyyPZE1D04OJchV98yPbhDjNCJcYYak7Dh2otwMCUUxI6NiN5UkQXiAeqSjkaOISDebnDGyjrQTWGEs9OPKmri/JzIUSTmMfN0ZIdWXs7Wx+V+tk6rwzM0oT1JFOJ4uClNmqdgaZ2IFVBCs2FADwoLqv1q4jwTCSidX1CE4syfPQ7NSdqrl6s1JqXaRx1GAfTiEY3DgFGpwBXVoAIZ7eIRneDEejCfj1Xibti4Y+cwe/JHx/gXAXpgN</latexit>

⇤1 > ⇤2 > ⇤b

7

<latexit sha1_base64="vGr8MzlsP4a6ehgNERLpTLwOSZU=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkpUl0W3bisYKeFdhgyadqGZjJDckcsQ8GNv+LGhSJu/Ql3/o1pOwttPSFwcs693NwTJoJrcJxvq7Cyura+UdwsbW3v7O7Z+weejlNFWZPGIlbtkGgmuGRN4CBYO1GMRKFgrXB0PfVb90xpHss7GCfMj8hA8j6nBIwU2Ede4OLu9AB7gIzI3mT29IJqYJedijMDXiZuTsooRyOwv7q9mKYRk0AF0brjOgn4GVHAqWCTUjfVLCF0RAasY6gkEdN+Ntthgk+N0sP9WJkrAc/U3x0ZibQeR6GpjAgM9aI3Ff/zOin0L/2MyyQFJul8UD8VGGI8DQT3uGIUxNgQQhU3f8V0SBShYGIrmRDcxZWXiVetuLVK7fa8XL/K4yiiY3SCzpCLLlAd3aAGaiKKHtEzekVv1pP1Yr1bH/PSgpX3HKI/sD5/AECulgM=</latexit>

V1 and V2 fixes the classical minima for the axions.



Emission of Gravitational waves
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Axion dark matter
The mass eigenstates are related to the flavor states.

The collapse can thus produce more than one type of relic axion abundance. However, the DM
abundance is dominated by misalignment contribution.

For a large part of parameter space, the heavier axion creates EMD era and decays subsequently.

The wall emits the flavor state it couples to. 
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Axion dark matter
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Summary
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Stable axion string domain wall network can be produced before QCD phase transition.

Collapse of the same can leave observable imprints.

Domain wall domination is an interesting possibility!
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