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PRELIMINARY

PRELIMINARY

Axion couplings change in dense objects!

…but uncertainties become large at high densities…..
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QCD axion couplings at finite density

Where do the predictions come from?

Current bounds use vacuum couplings*

Some of the best bounds on QCD axion from SN and NS cooling
For recent bounds see e.g. Carenza et al. ’19 (SN), Buschmann et al. (NS) ‘21

*this is not completely true…

https://arxiv.org/abs/2105.13354
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Construct low energy EFT of nucleons, pions and the QCD axion

GG di Cortona et al. ‘15
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Construct low energy EFT of nucleons, pions and the QCD axion
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Leading order:

Small due to a cancellation of two unrelated terms!



QCD axion couplings in vacuum

Construct low energy EFT of nucleons, pions and the QCD axion

GG di Cortona et al. ‘15

Higher order terms also contribute
See also Vonk et al. 2021

They change vacuum couplings!

Leading order:

They give rise to density corrections!



QCD axion couplings in vacuum

Construct low energy EFT of nucleons, pions and the QCD axion

GG di Cortona et al. ‘15

What is the validity of this EFT?

Low-lying resonances e.g.                  have been integrated out…�(1232)
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Leading order:

…some terms are enhanced!

Higher order terms also contribute
See also Vonk et al. 2021

They change vacuum couplings!

They give rise to density corrections!



QCD axion couplings at finite density

Schematic example:

L(2)
⇡NN =

cD
2f2

⇡⇤�

�
N̄N

� �
N̄S · uN

�
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Schematic example:

Background nucleons!
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QCD axion couplings at finite density

Schematic example:

More concretely:

With finite density propagator: 

Background nucleons!

L(2)
⇡NN =

cD
2f2

⇡⇤�

�
N̄N

� �
N̄S · uN

�
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QCD axion couplings at finite density

Schematic example:

With finite density propagator: 

Background nucleons!

NR fermion propagator

Filled ‘Fermi sea'

More concretely:

L(2)
⇡NN =

cD
2f2

⇡⇤�

�
N̄N

� �
N̄S · uN

�
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QCD axion couplings at finite density

Systematic expansion in nucleon momenta:

✓
kf

4⇡f⇡

◆0
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QCD axion couplings at finite density

Systematic expansion in nucleon momenta:
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QCD axion couplings at finite density

Systematic expansion in nucleon momenta:

Naively this is suppressed in the chiral expansion…

… but due to                 resonances some corrections are large!�(1232)
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Example 1:

https://arxiv.org/abs/2105.13354


Results
Example 2:
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Implications for supernova bound

PRELIMINARY

Supernova profile from  https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/

0 1 2 3 4 5 6

5× 1074
1× 1075

5× 1075
1× 1076

5× 1076
1× 1077

Changes the SN bound by O(1)

Adds large uncertainty

example: KSVZ axion

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/


Implications for neutron star cooling

ChPT expansion breaks down at these densities!

n ⇠ O(few)n0
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High densities inside NS of 



Implications for neutron star cooling

ChPT expansion breaks down at these densities!

No way to consistently calculate the axion couplings

No distinction between models possible, only order of magnitude estimates

n ⇠ O(few)n0
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High densities inside NS of 

e.g. |cN | ⇠ O(0.3)± 0.3
<latexit sha1_base64="zNF80ajmfr+yVFhZ3u9su99f0Eo=">AAACAnicbZDLSsNAFIYnXmu9RV2Jm8Ei1E1IWkGXRTeutIK9QBPCZDpph84kYWYilLS48VXcuFDErU/hzrdx2mahrT8MfPznHM6cP0gYlcq2v42l5ZXVtfXCRnFza3tn19zbb8o4FZg0cMxi0Q6QJIxGpKGoYqSdCIJ4wEgrGFxN6q0HIiSNo3s1TIjHUS+iIcVIacs3D0fYvxlBV1IOb8u2VT2FbsKhBt8s2ZY9FVwEJ4cSyFX3zS+3G+OUk0hhhqTsOHaivAwJRTEj46KbSpIgPEA90tEYIU6kl01PGMMT7XRhGAv9IgWn7u+JDHEphzzQnRypvpyvTcz/ap1UhRdeRqMkVSTCs0VhyqCK4SQP2KWCYMWGGhAWVP8V4j4SCCudWlGH4MyfvAjNiuVUrcrdWal2mcdRAEfgGJSBA85BDVyDOmgADB7BM3gFb8aT8WK8Gx+z1iUjnzkAf2R8/gBcOpTR</latexit>

https://arxiv.org/abs/2105.13354


Implications for neutron star cooling

https://arxiv.org/abs/2105.13354


Implications for neutron star cooling

https://arxiv.org/abs/2105.13354


Astrophobic axions or a model-independent SN bound
di Luzio et al. ‘15

Some aspects of ‘astrophobic axion’ survive at finite density, only subleading corrections



Model independent SN bound for all axions that solve strong CP problem
For current best bound see Lucente et al. ‘22
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Some aspects of ‘astrophobic axion’ survive at finite density, only subleading corrections

Supernova profile from  https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
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Model independent SN bound for all axions that solve strong CP problem
For current best bound see Lucente et al. ‘22
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Supernova profile from  https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/

di Luzio et al. ‘15

Some aspects of ‘astrophobic axion’ survive at finite density, only subleading corrections

Leads to fa & O(5)⇥ 107GeV
<latexit sha1_base64="uNdK34A0VTj9yzQ3SblhXoRFOwg=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0GMTdj1gZaihXZGMImQxGV2cjcZnH0wc1cMSz7Bxl+xsVDE1tLOv3ESt/B1YOBwzrncucdPpNDoOB9WYWJyanqmOFuam19YXLKXVxo6ThWHOo9lrC59pkGKCOooUMJlooCFvoSmf3088ps3oLSIowscJNAJWS8SgeAMjeTZm4HHaLuHJhHSs8reFm2jCEFT17naNxxuMTuBxtCzy07VGYP+JW5OyiRHzbPf292YpyFEyCXTuuU6CXYyplBwCcNSO9WQMH7NetAyNGJmaScbHzSkG0bp0iBW5kVIx+r3iYyFWg9C3yRDhn392xuJ/3mtFIODTiaiJEWI+NeiIJUUYzpqh3aFAo5yYAjjSpi/Ut5ninE0HZZMCe7vk/+SxnbV3alun++WD4/yOopkjayTCnHJPjkkp6RG6oSTO/JAnsizdW89Wi/W61e0YOUzq+QHrLdP/82bUQ==</latexit>

Astrophobic axions or a model-independent SN bound

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/


QCD axion coupling to nucleons at finite density

Influence of light (pseudo-)scalars on  
structure of neutron stars

2211.02661 and 2307.14418

Balkin, Serra, Springmann, SS, Weiler 

To appear soon

and JHEP 07 (2020) Balkin, Serra, Springmann, Weiler 
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Axion - finite density effects

https://arxiv.org/abs/2106.11320


Heavy neutron stars from light scalars
… or how axions (ALPs) change stars



Heavy neutron stars from light scalars

Can new (light) physics make neutron stars heavier?

… or how axions (ALPs) change stars



Heavy neutron stars from light scalars

How would NSs look like if neutrons would be lighter?

Toy model: Free Fermi gas of neutrons



Heavy neutron stars from light scalars

How would NSs look like if neutrons would be lighter?

Toy model: Free Fermi gas of neutrons
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<latexit sha1_base64="DlsO8LdWWGHuZUSeGCQcyMISMEY=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKohch6EGPEcwDkjXMTnqTIbMPZnrVsMTv8OJBEa/+izf/xkmyB00saCiquunu8mIpNNr2t5VbWFxaXsmvFtbWNza3its7dR0likONRzJSTY9pkCKEGgqU0IwVsMCT0PAGl2O/cQ9Kiyi8xWEMbsB6ofAFZ2iku+DceWojPGJ6BfVRp1iyy/YEdJ44GSmRDNVO8avdjXgSQIhcMq1bjh2jmzKFgksYFdqJhpjxAetBy9CQBaDddHL1iB4YpUv9SJkKkU7U3xMpC7QeBp7pDBj29aw3Fv/zWgn6Z24qwjhBCPl0kZ9IihEdR0C7QgFHOTSEcSXMrZT3mWIcTVAFE4Iz+/I8qR+VnePyyc1xqXKRxZEne2SfHBKHnJIKuSZVUiOcKPJMXsmb9WC9WO/Wx7Q1Z2Uzu+QPrM8feYeSgg==</latexit>

m = 0.5 GeV

<latexit sha1_base64="JUQGdsEkMjSq5+0tht9n1BWQemI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgKSRi0YtQ9KDHCvYD2lA220m7dPPB7qRYQv0lXjwo4tV/4s1/47bNQVsfDDzem2Fmnp8IrtBxvo3Cyura+kZxs7S1vbO7Z+4fNFScSgZ1FotYtnyqQPAI6shRQCuRQENfQNMf3kz95gik4nH0gOMEvJD2Ix5wRlFLXdMMrxy78tRBeMTsFhqTrll2bGcGa5m4OSmTHLWu+dXpxSwNIUImqFJt10nQy6hEzgRMSp1UQULZkPahrWlEQ1BeNrt8Yp1opWcFsdQVoTVTf09kNFRqHPq6M6Q4UIveVPzPa6cYXHoZj5IUIWLzRUEqLIytaQxWj0tgKMaaUCa5vtViAyopQx1WSYfgLr68TBpntntuV+7Py9XrPI4iOSLH5JS45IJUyR2pkTphZESeySt5MzLjxXg3PuatBSOfOSR/YHz+ANYIkyk=</latexit>

Mmax(m1)

Mmax(m2)
=

✓
m2

m1

◆2

<latexit sha1_base64="p323QdseEvLOc1JCEOEByKjL8M0="></latexit>



Heavy neutron stars from light scalars

How would NSs look like if neutrons would be lighter?

Toy model: Free Fermi gas of neutrons
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<latexit sha1_base64="DlsO8LdWWGHuZUSeGCQcyMISMEY=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKohch6EGPEcwDkjXMTnqTIbMPZnrVsMTv8OJBEa/+izf/xkmyB00saCiquunu8mIpNNr2t5VbWFxaXsmvFtbWNza3its7dR0likONRzJSTY9pkCKEGgqU0IwVsMCT0PAGl2O/cQ9Kiyi8xWEMbsB6ofAFZ2iku+DceWojPGJ6BfVRp1iyy/YEdJ44GSmRDNVO8avdjXgSQIhcMq1bjh2jmzKFgksYFdqJhpjxAetBy9CQBaDddHL1iB4YpUv9SJkKkU7U3xMpC7QeBp7pDBj29aw3Fv/zWgn6Z24qwjhBCPl0kZ9IihEdR0C7QgFHOTSEcSXMrZT3mWIcTVAFE4Iz+/I8qR+VnePyyc1xqXKRxZEne2SfHBKHnJIKuSZVUiOcKPJMXsmb9WC9WO/Wx7Q1Z2Uzu+QPrM8feYeSgg==</latexit>

m = 0.5 GeV

<latexit sha1_base64="JUQGdsEkMjSq5+0tht9n1BWQemI=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgKSRi0YtQ9KDHCvYD2lA220m7dPPB7qRYQv0lXjwo4tV/4s1/47bNQVsfDDzem2Fmnp8IrtBxvo3Cyura+kZxs7S1vbO7Z+4fNFScSgZ1FotYtnyqQPAI6shRQCuRQENfQNMf3kz95gik4nH0gOMEvJD2Ix5wRlFLXdMMrxy78tRBeMTsFhqTrll2bGcGa5m4OSmTHLWu+dXpxSwNIUImqFJt10nQy6hEzgRMSp1UQULZkPahrWlEQ1BeNrt8Yp1opWcFsdQVoTVTf09kNFRqHPq6M6Q4UIveVPzPa6cYXHoZj5IUIWLzRUEqLIytaQxWj0tgKMaaUCa5vtViAyopQx1WSYfgLr68TBpntntuV+7Py9XrPI4iOSLH5JS45IJUyR2pkTphZESeySt5MzLjxXg3PuatBSOfOSR/YHz+ANYIkyk=</latexit>

Why? In NR limit: at fixed energy density, need more neutrons! ✏ ⇠ nmN
<latexit sha1_base64="yU7j0sqb/Aul7fl9m3XwAk6tDxg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0GXRjSupYB/QhDCZTtqh8wgzEyGU+ituXCji1g9x5984bbPQ1gMXDufcy733xCmj2njet1NaW9/Y3CpvV3Z29/YP3MOjjpaZwqSNJZOqFyNNGBWkbahhpJcqgnjMSDce38z87iNRmkrxYPKUhBwNBU0oRsZKkVsNSKopkwIGmnIoII/uIrfm1b054CrxC1IDBVqR+xUMJM44EQYzpHXf91ITTpAyFDMyrQSZJinCYzQkfUsF4kSHk/nxU3hqlQFMpLIlDJyrvycmiGud89h2cmRGetmbif95/cwkV+GEijQzRODFoiRj0Eg4SwIOqCLYsNwShBW1t0I8QgphY/Oq2BD85ZdXSadR98/rjfuLWvO6iKMMjsEJOAM+uARNcAtaoA0wyMEzeAVvzpPz4rw7H4vWklPMVMEfOJ8/9WWUUA==</latexit>



Heavy neutron stars from light scalars

Potential V (�) = �⇤4 (cos(�/f)� 1)
<latexit sha1_base64="blORUIxUn0yDzXB39U8mHO5BoOA=">AAACHHicbVC7SgNBFJ2Nrxhfq5Y2g0FICuNuEtBGCNpYWEQwD8iuYXYymwyZfTBzVwghH2Ljr9hYKGJjIfg3TpItNHpg4HDOPdy5x4sFV2BZX0ZmaXlldS27ntvY3NreMXf3mipKJGUNGolItj2imOAhawAHwdqxZCTwBGt5w8up37pnUvEovIVRzNyA9EPuc0pAS12z0iw48YAXz/Exdq51rkfuqtgRzIeCQyM1c0/8orZt7EjeH0Cxa+atkjUD/kvslORRinrX/HB6EU0CFgIVRKmObcXgjokETgWb5JxEsZjQIemzjqYhCZhyx7PjJvhIKz3sR1K/EPBM/ZkYk0CpUeDpyYDAQC16U/E/r5OAf+aOeRgnwEI6X+QnAkOEp03hHpeMghhpQqjk+q+YDogkFHSfOV2CvXjyX9Isl+xKqXxTzdcu0jqy6AAdogKy0SmqoStURw1E0QN6Qi/o1Xg0no03430+mjHSzD76BePzG6Ranp4=</latexit>



Heavy neutron stars from light scalars

Potential

mN (�) = 1� g

✓
cos

✓
�

f

◆
� 1

◆

<latexit sha1_base64="3OQRz+uNpMTBSsF+8wGEw0AJOoQ="></latexit>

V (�) = �⇤4 (cos(�/f)� 1)
<latexit sha1_base64="blORUIxUn0yDzXB39U8mHO5BoOA=">AAACHHicbVC7SgNBFJ2Nrxhfq5Y2g0FICuNuEtBGCNpYWEQwD8iuYXYymwyZfTBzVwghH2Ljr9hYKGJjIfg3TpItNHpg4HDOPdy5x4sFV2BZX0ZmaXlldS27ntvY3NreMXf3mipKJGUNGolItj2imOAhawAHwdqxZCTwBGt5w8up37pnUvEovIVRzNyA9EPuc0pAS12z0iw48YAXz/Exdq51rkfuqtgRzIeCQyM1c0/8orZt7EjeH0Cxa+atkjUD/kvslORRinrX/HB6EU0CFgIVRKmObcXgjokETgWb5JxEsZjQIemzjqYhCZhyx7PjJvhIKz3sR1K/EPBM/ZkYk0CpUeDpyYDAQC16U/E/r5OAf+aOeRgnwEI6X+QnAkOEp03hHpeMghhpQqjk+q+YDogkFHSfOV2CvXjyX9Isl+xKqXxTzdcu0jqy6AAdogKy0SmqoStURw1E0QN6Qi/o1Xg0no03430+mjHSzD76BePzG6Ranp4=</latexit>

O�N = �gmN N̄N (cos(�/f)� 1)
<latexit sha1_base64="Snf+KnSo5nsMDNm59FjpTnwQWbo="></latexit>

Shift symmetry breaking coupling:

Field dependent nucleon mass



Heavy neutron stars from light scalars

Potential

mN (�) = 1� g

✓
cos

✓
�

f

◆
� 1

◆

<latexit sha1_base64="3OQRz+uNpMTBSsF+8wGEw0AJOoQ="></latexit>

V (�) = �⇤4 (cos(�/f)� 1)
<latexit sha1_base64="blORUIxUn0yDzXB39U8mHO5BoOA=">AAACHHicbVC7SgNBFJ2Nrxhfq5Y2g0FICuNuEtBGCNpYWEQwD8iuYXYymwyZfTBzVwghH2Ljr9hYKGJjIfg3TpItNHpg4HDOPdy5x4sFV2BZX0ZmaXlldS27ntvY3NreMXf3mipKJGUNGolItj2imOAhawAHwdqxZCTwBGt5w8up37pnUvEovIVRzNyA9EPuc0pAS12z0iw48YAXz/Exdq51rkfuqtgRzIeCQyM1c0/8orZt7EjeH0Cxa+atkjUD/kvslORRinrX/HB6EU0CFgIVRKmObcXgjokETgWb5JxEsZjQIemzjqYhCZhyx7PjJvhIKz3sR1K/EPBM/ZkYk0CpUeDpyYDAQC16U/E/r5OAf+aOeRgnwEI6X+QnAkOEp03hHpeMghhpQqjk+q+YDogkFHSfOV2CvXjyX9Isl+xKqXxTzdcu0jqy6AAdogKy0SmqoStURw1E0QN6Qi/o1Xg0no03430+mjHSzD76BePzG6Ranp4=</latexit>

O�N = �gmN N̄N (cos(�/f)� 1)
<latexit sha1_base64="Snf+KnSo5nsMDNm59FjpTnwQWbo="></latexit>

Shift symmetry breaking coupling:

Field dependent nucleon mass

This happens for the vanilla QCD axion with g ⇠ 0.025
<latexit sha1_base64="G964T9PaEC+QJf80cLJ6gM0kaSM=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxURZdFNy4r2AdMh5JJM21oHkOSEUrpZ7hxoYhbv8adf2PazkJbD4QczrmXe++JU86M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRmWa0CZRXOlOjA3lTNKmZZbTTqopFjGn7Xh0N/PbT1QbpuSjHac0EnggWcIItk4KB13DBPKrfu2qV664fw60SoKcVCBHo1f+6vYVyQSVlnBsTBj4qY0mWFtGOJ2WupmhKSYjPKChoxILaqLJfOUpOnNKHyVKuyctmqu/OyZYGDMWsasU2A7NsjcT//PCzCY30YTJNLNUksWgJOPIKjS7H/WZpsTysSOYaOZ2RWSINSbWpVRyIQTLJ6+SVq0aXFRrD5eV+m0eRxFO4BTOIYBrqMM9NKAJBBQ8wyu8edZ78d69j0Vpwct7juEPvM8fdAqQDQ==</latexit>



Heavy neutron stars from light scalars

Potential

hN̄Ni ' hN†Ni = n
<latexit sha1_base64="lHPRsV0lEYnZDRrNwNjc4C3CdUE=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+CqzKigG6HoxlVRsA/oVLmT3o7BTGZMMkIZ+jtu/BU3Coq69UdM2xGq9UDgcM65Se4JEsG1cd0PZ2p6ZnZufmGxsLS8srpWXN+o6zhVDGssFrFqBqBRcIk1w43AZqIQokBgI7g9HfiNe1Sax/LS9BJsRxBK3uUMjJWuixVfgAwFUj8AlVX7tEp9lSuaR3hHfwLVK78DYYhqLHJM7RUlt+wOQSeJl5MSyXF+XXzxOzFLI5SGCdC65bmJaWegDGcC+wU/1ZgAu4UQW5ZKiFC3s+GmfbpjlQ7txsoeaehQHZ/IINK6FwU2GYG50X+9gfif10pN96idcZmkBiUbPdRNBTUxHdRGO1whM6JnCTDF7V8puwEFzNhyC7YE7+/Kk6S+V/b2y3sXB6XKSV7HAtki22SXeOSQVMgZOSc1wsgDeSKv5M15dJ6dd+dzFJ1y8plN8gvO1zflHKXC</latexit>

V (�) = �⇤4 (cos(�/f)� 1)
<latexit sha1_base64="blORUIxUn0yDzXB39U8mHO5BoOA=">AAACHHicbVC7SgNBFJ2Nrxhfq5Y2g0FICuNuEtBGCNpYWEQwD8iuYXYymwyZfTBzVwghH2Ljr9hYKGJjIfg3TpItNHpg4HDOPdy5x4sFV2BZX0ZmaXlldS27ntvY3NreMXf3mipKJGUNGolItj2imOAhawAHwdqxZCTwBGt5w8up37pnUvEovIVRzNyA9EPuc0pAS12z0iw48YAXz/Exdq51rkfuqtgRzIeCQyM1c0/8orZt7EjeH0Cxa+atkjUD/kvslORRinrX/HB6EU0CFgIVRKmObcXgjokETgWb5JxEsZjQIemzjqYhCZhyx7PjJvhIKz3sR1K/EPBM/ZkYk0CpUeDpyYDAQC16U/E/r5OAf+aOeRgnwEI6X+QnAkOEp03hHpeMghhpQqjk+q+YDogkFHSfOV2CvXjyX9Isl+xKqXxTzdcu0jqy6AAdogKy0SmqoStURw1E0QN6Qi/o1Xg0no03430+mjHSzD76BePzG6Ranp4=</latexit>

O�N = �gmN N̄N (cos(�/f)� 1)
<latexit sha1_base64="Snf+KnSo5nsMDNm59FjpTnwQWbo="></latexit>

Shift symmetry breaking coupling:

In a background density of neutrons

Potential can get destabilized

n
<latexit sha1_base64="2QmInd+nHO60uhS7AYCvgpiU4a8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2F+M9g==</latexit>

n
<latexit sha1_base64="2QmInd+nHO60uhS7AYCvgpiU4a8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2F+M9g==</latexit>



Heavy neutron stars from light scalars

Potential

hN̄Ni ' hN†Ni = n
<latexit sha1_base64="lHPRsV0lEYnZDRrNwNjc4C3CdUE=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+CqzKigG6HoxlVRsA/oVLmT3o7BTGZMMkIZ+jtu/BU3Coq69UdM2xGq9UDgcM65Se4JEsG1cd0PZ2p6ZnZufmGxsLS8srpWXN+o6zhVDGssFrFqBqBRcIk1w43AZqIQokBgI7g9HfiNe1Sax/LS9BJsRxBK3uUMjJWuixVfgAwFUj8AlVX7tEp9lSuaR3hHfwLVK78DYYhqLHJM7RUlt+wOQSeJl5MSyXF+XXzxOzFLI5SGCdC65bmJaWegDGcC+wU/1ZgAu4UQW5ZKiFC3s+GmfbpjlQ7txsoeaehQHZ/IINK6FwU2GYG50X+9gfif10pN96idcZmkBiUbPdRNBTUxHdRGO1whM6JnCTDF7V8puwEFzNhyC7YE7+/Kk6S+V/b2y3sXB6XKSV7HAtki22SXeOSQVMgZOSc1wsgDeSKv5M15dJ6dd+dzFJ1y8plN8gvO1zflHKXC</latexit>

V (�) = �⇤4 (cos(�/f)� 1)
<latexit sha1_base64="blORUIxUn0yDzXB39U8mHO5BoOA=">AAACHHicbVC7SgNBFJ2Nrxhfq5Y2g0FICuNuEtBGCNpYWEQwD8iuYXYymwyZfTBzVwghH2Ljr9hYKGJjIfg3TpItNHpg4HDOPdy5x4sFV2BZX0ZmaXlldS27ntvY3NreMXf3mipKJGUNGolItj2imOAhawAHwdqxZCTwBGt5w8up37pnUvEovIVRzNyA9EPuc0pAS12z0iw48YAXz/Exdq51rkfuqtgRzIeCQyM1c0/8orZt7EjeH0Cxa+atkjUD/kvslORRinrX/HB6EU0CFgIVRKmObcXgjokETgWb5JxEsZjQIemzjqYhCZhyx7PjJvhIKz3sR1K/EPBM/ZkYk0CpUeDpyYDAQC16U/E/r5OAf+aOeRgnwEI6X+QnAkOEp03hHpeMghhpQqjk+q+YDogkFHSfOV2CvXjyX9Isl+xKqXxTzdcu0jqy6AAdogKy0SmqoStURw1E0QN6Qi/o1Xg0no03430+mjHSzD76BePzG6Ranp4=</latexit>

O�N = �gmN N̄N (cos(�/f)� 1)
<latexit sha1_base64="Snf+KnSo5nsMDNm59FjpTnwQWbo="></latexit>

Shift symmetry breaking coupling:

In a background density of neutrons

Potential can get destabilized

n & ⇤4/gmN
<latexit sha1_base64="k6cafXWMIb5czaAngk6ltVxOvzE=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqs7Ugi6LblyIVLAP6IxDJpO2oUlmSDJCGYobf8WNC0Xc+hXu/BvTdhbaeiBwOOcebu4JE0aVdpxva2FxaXlltbBWXN/Y3Nq2d3abKk4lJg0cs1i2Q6QIo4I0NNWMtBNJEA8ZaYWDy7HfeiBS0Vjc6WFCfI56gnYpRtpIgb0voNfTxufQuzaxCN1XT3qQBzeBXXLKzgRwnrg5KYEc9cD+8qIYp5wIjRlSquM6ifYzJDXFjIyKXqpIgvAA9UjHUIE4UX42OWEEj4wSwW4szRMaTtTfiQxxpYY8NJMc6b6a9cbif14n1d1zP6MiSTUReLqomzKoYzjuA0ZUEqzZ0BCEJTV/hbiPJMLatFY0JbizJ8+TZqXsnpYrt9VS7SKvowAOwCE4Bi44AzVwBeqgATB4BM/gFbxZT9aL9W59TEcXrDyzB/7A+vwBn06WSA==</latexit>

n
<latexit sha1_base64="2QmInd+nHO60uhS7AYCvgpiU4a8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2F+M9g==</latexit>

n
<latexit sha1_base64="2QmInd+nHO60uhS7AYCvgpiU4a8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2F+M9g==</latexit>



Heavy neutron stars from light scalars

Potential

hN̄Ni ' hN†Ni = n
<latexit sha1_base64="lHPRsV0lEYnZDRrNwNjc4C3CdUE=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+CqzKigG6HoxlVRsA/oVLmT3o7BTGZMMkIZ+jtu/BU3Coq69UdM2xGq9UDgcM65Se4JEsG1cd0PZ2p6ZnZufmGxsLS8srpWXN+o6zhVDGssFrFqBqBRcIk1w43AZqIQokBgI7g9HfiNe1Sax/LS9BJsRxBK3uUMjJWuixVfgAwFUj8AlVX7tEp9lSuaR3hHfwLVK78DYYhqLHJM7RUlt+wOQSeJl5MSyXF+XXzxOzFLI5SGCdC65bmJaWegDGcC+wU/1ZgAu4UQW5ZKiFC3s+GmfbpjlQ7txsoeaehQHZ/IINK6FwU2GYG50X+9gfif10pN96idcZmkBiUbPdRNBTUxHdRGO1whM6JnCTDF7V8puwEFzNhyC7YE7+/Kk6S+V/b2y3sXB6XKSV7HAtki22SXeOSQVMgZOSc1wsgDeSKv5M15dJ6dd+dzFJ1y8plN8gvO1zflHKXC</latexit>

V (�) = �⇤4 (cos(�/f)� 1)
<latexit sha1_base64="blORUIxUn0yDzXB39U8mHO5BoOA=">AAACHHicbVC7SgNBFJ2Nrxhfq5Y2g0FICuNuEtBGCNpYWEQwD8iuYXYymwyZfTBzVwghH2Ljr9hYKGJjIfg3TpItNHpg4HDOPdy5x4sFV2BZX0ZmaXlldS27ntvY3NreMXf3mipKJGUNGolItj2imOAhawAHwdqxZCTwBGt5w8up37pnUvEovIVRzNyA9EPuc0pAS12z0iw48YAXz/Exdq51rkfuqtgRzIeCQyM1c0/8orZt7EjeH0Cxa+atkjUD/kvslORRinrX/HB6EU0CFgIVRKmObcXgjokETgWb5JxEsZjQIemzjqYhCZhyx7PjJvhIKz3sR1K/EPBM/ZkYk0CpUeDpyYDAQC16U/E/r5OAf+aOeRgnwEI6X+QnAkOEp03hHpeMghhpQqjk+q+YDogkFHSfOV2CvXjyX9Isl+xKqXxTzdcu0jqy6AAdogKy0SmqoStURw1E0QN6Qi/o1Xg0no03430+mjHSzD76BePzG6Ranp4=</latexit>

O�N = �gmN N̄N (cos(�/f)� 1)
<latexit sha1_base64="Snf+KnSo5nsMDNm59FjpTnwQWbo="></latexit>

Shift symmetry breaking coupling:

In a background density of neutrons

Potential can get destabilized

n & ⇤4/gmN
<latexit sha1_base64="k6cafXWMIb5czaAngk6ltVxOvzE=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqs7Ugi6LblyIVLAP6IxDJpO2oUlmSDJCGYobf8WNC0Xc+hXu/BvTdhbaeiBwOOcebu4JE0aVdpxva2FxaXlltbBWXN/Y3Nq2d3abKk4lJg0cs1i2Q6QIo4I0NNWMtBNJEA8ZaYWDy7HfeiBS0Vjc6WFCfI56gnYpRtpIgb0voNfTxufQuzaxCN1XT3qQBzeBXXLKzgRwnrg5KYEc9cD+8qIYp5wIjRlSquM6ifYzJDXFjIyKXqpIgvAA9UjHUIE4UX42OWEEj4wSwW4szRMaTtTfiQxxpYY8NJMc6b6a9cbif14n1d1zP6MiSTUReLqomzKoYzjuA0ZUEqzZ0BCEJTV/hbiPJMLatFY0JbizJ8+TZqXsnpYrt9VS7SKvowAOwCE4Bi44AzVwBeqgATB4BM/gFbxZT9aL9W59TEcXrDyzB/7A+vwBn06WSA==</latexit>

n
<latexit sha1_base64="2QmInd+nHO60uhS7AYCvgpiU4a8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2F+M9g==</latexit>

n
<latexit sha1_base64="2QmInd+nHO60uhS7AYCvgpiU4a8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2F+M9g==</latexit>

ALP develops a non-trivial expectation value around dense objects!



Consists of complicated coupled equations of gravity and scalar field EOMs.

… can be solved numerically

Fermi gas - axion system



Consists of complicated coupled equations of gravity and scalar field EOMs.

… can be solved numerically

… but there is a simplifying limit:

Hierarchy of scales

R � m�1
� (n) ⇠ ⇡fp

gmNn� ⇤4
<latexit sha1_base64="vWI5G9iWVLKrDCAvRbeNQa56HWc="></latexit>

Size of star size of scalar field

Fermi gas - axion system



… can be solved numerically

… but there is a simplifying limit:

Hierarchy of scales

R � m�1
� (n) ⇠ ⇡fp

gmNn� ⇤4
<latexit sha1_base64="vWI5G9iWVLKrDCAvRbeNQa56HWc="></latexit>

Size of star size of scalar field

All gradient effects of the axion become negligible

Fermi gas - axion system

Consists of complicated coupled equations of gravity and scalar field EOMs.



… can be solved numerically

… but there is a simplifying limit:

Hierarchy of scales

R � m�1
� (n) ⇠ ⇡fp

gmNn� ⇤4
<latexit sha1_base64="vWI5G9iWVLKrDCAvRbeNQa56HWc="></latexit>

Size of star size of scalar field

Opposite hierarchy of scales prevents us from seeing it on earth: Rnucleus ⌧ m�1
�

<latexit sha1_base64="h+gOfqfXWzLpONjwz7L32Qyu9OE=">AAACCHicbVC7TsNAEDyHVwgvAyUFJyIkGiI7IEEZQUMZEHlIsbHOl0tyyvls3a0RkZWShl+hoQAhWj6Bjr/h8iggYaSVRjO72t0JE8E1OM63lVtYXFpeya8W1tY3Nrfs7Z26jlNFWY3GIlbNkGgmuGQ14CBYM1GMRKFgjbB/OfIb90xpHstbGCTMj0hX8g6nBIwU2Ps3gQfsATKZUsFSPfSEwFHgJT1+lx27w8AuOiVnDDxP3Ckpoimqgf3ltWOaRkwCFUTrlusk4GdEATcLhgUv1SwhtE+6rGWoJBHTfjZ+ZIgPjdLGnViZkoDH6u+JjERaD6LQdEYEenrWG4n/ea0UOud+xmWSApN0sqiTCgwxHqWC21wxCmJgCKGKm1sx7RFFKJjsCiYEd/bleVIvl9yTUvn6tFi5mMaRR3voAB0hF52hCrpCVVRDFD2iZ/SK3qwn68V6tz4mrTlrOrOL/sD6/AFH6Zof</latexit>

All gradient effects of the axion become negligible

Fermi gas - axion system

Consists of complicated coupled equations of gravity and scalar field EOMs.



Axion Fermi gas equation of state

@V

@�
+ n

@mN

@�
= 0

<latexit sha1_base64="mdu486CzeGPfLk8jJo0R1zrooxg=">AAACM3icbVDNS8MwHE3n15xfVY9egkMQhNFOQS/C0It4kAnuA9Yy0izdwtK0JKkwSv8nL/4jHgTxoIhX/wfTraB2Pgg83nu/JL/nRYxKZVkvRmlhcWl5pbxaWVvf2Nwyt3faMowFJi0cslB0PSQJo5y0FFWMdCNBUOAx0vHGl5nfuSdC0pDfqUlE3AANOfUpRkpLffPa8QXCiRMhoShisJ3+cCca0fQIcljIBP2bYgqeQ6tvVq2aNQWcJ3ZOqiBHs28+OYMQxwHhCjMkZc+2IuUm2b2YkbTixJJECI/RkPQ05Sgg0k2mO6fwQCsD6IdCH67gVP09kaBAykng6WSA1EgWvUz8z+vFyj9zE8qjWBGOZw/5MYMqhFmBcEAFwYpNNEFYUP1XiEdIF6R0zRVdgl1ceZ606zX7uFa/Pak2LvI6ymAP7INDYINT0ABXoAlaAIMH8AzewLvxaLwaH8bnLFoy8pld8AfG1zdCQKs3</latexit>

Axion follows its potential

�(n)
<latexit sha1_base64="Ox9aU5k9cD7huvU6itHqDRCkoS0=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mtgh6LXjxWsB/QLiWbZtvQJBuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpumSTVhDZJwhPdibChnEnatMxy2lGaYhFx2o7GdzO//US1YYl8tBNFQ4GHksWMYOukdk+NWEVe9Etlv+rPgVZJkJMy5Gj0S1+9QUJSQaUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVUYkFNmM3PnaJzpwxQnGhX0qK5+nsiw8KYiYhcp8B2ZJa9mfif101tfBNmTKrUUkkWi+KUI5ug2e9owDQllk8cwUQzdysiI6wxsS6hogshWH55lbRq1eCyWnu4Ktdv8zgKcApnUIEArqEO99CAJhAYwzO8wpunvBfv3ftYtK55+cwJ/IH3+QOquo8g</latexit>



Axion Fermi gas equation of state

@V

@�
+ n

@mN

@�
= 0

<latexit sha1_base64="mdu486CzeGPfLk8jJo0R1zrooxg=">AAACM3icbVDNS8MwHE3n15xfVY9egkMQhNFOQS/C0It4kAnuA9Yy0izdwtK0JKkwSv8nL/4jHgTxoIhX/wfTraB2Pgg83nu/JL/nRYxKZVkvRmlhcWl5pbxaWVvf2Nwyt3faMowFJi0cslB0PSQJo5y0FFWMdCNBUOAx0vHGl5nfuSdC0pDfqUlE3AANOfUpRkpLffPa8QXCiRMhoShisJ3+cCca0fQIcljIBP2bYgqeQ6tvVq2aNQWcJ3ZOqiBHs28+OYMQxwHhCjMkZc+2IuUm2b2YkbTixJJECI/RkPQ05Sgg0k2mO6fwQCsD6IdCH67gVP09kaBAykng6WSA1EgWvUz8z+vFyj9zE8qjWBGOZw/5MYMqhFmBcEAFwYpNNEFYUP1XiEdIF6R0zRVdgl1ceZ606zX7uFa/Pak2LvI6ymAP7INDYINT0ABXoAlaAIMH8AzewLvxaLwaH8bnLFoy8pld8AfG1zdCQKs3</latexit>

Axion follows its potential

�(n)
<latexit sha1_base64="Ox9aU5k9cD7huvU6itHqDRCkoS0=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mtgh6LXjxWsB/QLiWbZtvQJBuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpumSTVhDZJwhPdibChnEnatMxy2lGaYhFx2o7GdzO//US1YYl8tBNFQ4GHksWMYOukdk+NWEVe9Etlv+rPgVZJkJMy5Gj0S1+9QUJSQaUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVUYkFNmM3PnaJzpwxQnGhX0qK5+nsiw8KYiYhcp8B2ZJa9mfif101tfBNmTKrUUkkWi+KUI5ug2e9owDQllk8cwUQzdysiI6wxsS6hogshWH55lbRq1eCyWnu4Ktdv8zgKcApnUIEArqEO99CAJhAYwzO8wpunvBfv3ftYtK55+cwJ/IH3+QOquo8g</latexit>

Equation of state

Usual free fermi gas 
 with field dependent mass



Axion Fermi gas equation of state

Equation of state

Mass reduction: stiffens the equation of state 

Potential: softens the equation of state 

Competing effects: More pressure at same energy density

Less pressure at same energy density



Axion Fermi gas equation of state

New ground state of matter!

Parameter space splits in two regions

Coexistence region

✏

n
< mN

<latexit sha1_base64="Va0ph9mm7iKUfLCvIP8INSkqhv0=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsAq7UdDCImhjJRFMImSXMDuZTYbMY5mZFcKyjb9iY6GIrZ9h5984SbbQxAMXDufcy733RAmj2njet1NaWl5ZXSuvVzY2t7Z33N29tpapwqSFJZPqIUKaMCpIy1DDyEOiCOIRI51odD3xO49EaSrFvRknJORoIGhMMTJW6rkHQawQzgKSaMqkyDORX0Leu+25Va/mTQEXiV+QKijQ7LlfQV/ilBNhMENad30vMWGGlKGYkbwSpJokCI/QgHQtFYgTHWbTB3J4bJU+jKWyJQycqr8nMsS1HvPIdnJkhnrem4j/ed3UxBdhRkWSGiLwbFGcMmgknKQB+1QRbNjYEoQVtbdCPEQ2EWMzq9gQ/PmXF0m7XvNPa/W7s2rjqoijDA7BETgBPjgHDXADmqAFMMjBM3gFb86T8+K8Ox+z1pJTzOyDP3A+fwAYC5a3</latexit>

Energy per particle:1st order PT inside star

Equation of state



Heavy neutron stars from light scalars

Free fermi gas

Metastable branch

New ground state: Energy per particle less than for separated nucleons mN
<latexit sha1_base64="iPLw/y8Lfef7U2ySLF651ADuADk=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxZNENA9IljA7mU2GzGOZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMlHO05oKPBAspgRbJ30IHp3vVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGanTtCpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4UZk0lqqSTzRXHKkVVo+jfqM02J5WNHMNHM3YrIEGtMrEun6EIIFl9eJs1qJTivVO8vyrXrPI4CHMMJnEEAl1CDW6hDAwgM4Ble4c3j3ov37n3MW1e8fOYI/sD7/AEoMI22</latexit>

New ground state

In absence of gravity bound by ALP field!



Heavy neutron stars from light scalars

Future GW experiments can distinguish BHs and other compact objects
Brown et al. ‘21



White dwarfs as a probe of light QCD axions

White dwarfs are much less dense than NSs

pF
<latexit sha1_base64="ccxjqfFq6nvlnW4k32UnRn6rVQk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbT6g0j+WjGSfoR3QgecgZNVZ6SHq3vVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindeqd5flGvXeRwFOIYTOAMPLqEGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QMgoo2x</latexit>

pgrav
<latexit sha1_base64="jAadx/plFXIDHTL77uXx9RVDObY=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxRHbRRI9ELx4xkUcCGzI7NDBhdnad6SWSDd/hxYPGePVjvPk3DrAHBSvppFLVne6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUMFGiOdR5JCPdCpgBKRTUUaCEVqyBhYGEZjC6nfnNMWgjIvWAkxj8kA2U6AvO0Ep+3O0gPGE60Gw87RZLbtmdg64SLyMlkqHWLX51ehFPQlDIJTOm7bkx+inTKLiEaaGTGIgZH7EBtC1VLATjp/Ojp/TMKj3aj7QthXSu/p5IWWjMJAxsZ8hwaJa9mfif106wf+2nQsUJguKLRf1EUozoLAHaExo4yokljGthb6V8yDTjaHMq2BC85ZdXSaNS9i7KlfvLUvUmiyNPTsgpOSceuSJVckdqpE44eSTP5JW8OWPnxXl3PhatOSebOSZ/4Hz+AIiLkpg=</latexit>

Electron degeneracy pressure vs gravity 

EOS is much better understood!

What is a WD?

Can be used to test models that change the structure of WDs



White dwarfs as a probe of light QCD axions

Light QCD axion:

with ✏ ⌧ 1
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White dwarfs as a probe of light QCD axions

Light QCD axion:

with ✏ ⌧ 1
<latexit sha1_base64="v+Xu/DttNxpQTUecsrmbuUJ16nE=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmls120i7dbMLuRiml/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8mfqtR1SaJ/LejFIMYtqXPOKMGis9+JhqLhJJfCGI1y2V3Yo7A1kmXk7KkKPeLX35vYRlMUrDBNW647mpCcZUGc4ETop+pjGlbEj72LFU0hh1MJ5dPSGnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/8zqZia6CMZdpZlCy+aIoE8QkZBoB6XGFzIiRJZQpbm8lbEAVZcYGVbQheIsvL5NmteKdV6p3F+XadR5HAY7hBM7Ag0uowS3UoQEMFDzDK7w5T86L8+58zFtXnHzmCP7A+fwBwnqSBQ==</latexit>
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There is a gap where no WD should live
Model prediction



White dwarfs as a probe of light QCD axions

Light QCD axion:

with ✏ ⌧ 1
<latexit sha1_base64="v+Xu/DttNxpQTUecsrmbuUJ16nE=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmls120i7dbMLuRiml/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8mfqtR1SaJ/LejFIMYtqXPOKMGis9+JhqLhJJfCGI1y2V3Yo7A1kmXk7KkKPeLX35vYRlMUrDBNW647mpCcZUGc4ETop+pjGlbEj72LFU0hh1MJ5dPSGnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/8zqZia6CMZdpZlCy+aIoE8QkZBoB6XGFzIiRJZQpbm8lbEAVZcYGVbQheIsvL5NmteKdV6p3F+XadR5HAY7hBM7Ag0uowS3UoQEMFDzDK7w5T86L8+58zFtXnHzmCP7A+fwBwnqSBQ==</latexit>
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White dwarfs as a probe of light QCD axions

Light QCD axion:

with ✏ ⌧ 1
<latexit sha1_base64="v+Xu/DttNxpQTUecsrmbuUJ16nE=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmls120i7dbMLuRiml/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8mfqtR1SaJ/LejFIMYtqXPOKMGis9+JhqLhJJfCGI1y2V3Yo7A1kmXk7KkKPeLX35vYRlMUrDBNW647mpCcZUGc4ETop+pjGlbEj72LFU0hh1MJ5dPSGnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/8zqZia6CMZdpZlCy+aIoE8QkZBoB6XGFzIiRJZQpbm8lbEAVZcYGVbQheIsvL5NmteKdV6p3F+XadR5HAY7hBM7Ag0uowS3UoQEMFDzDK7w5T86L8+58zFtXnHzmCP7A+fwBwnqSBQ==</latexit>

V (�) = �✏m2
⇡f

2
⇡

s

1� 4mumd

(mu +md)2
sin2

✓
�

2f

◆

<latexit sha1_base64="LGfWFvFy00elgZ6S72mr8oFTaQI="></latexit>

WD not dense enough

WD not large enough



White dwarfs as a probe of light QCD axions

Light QCD axion:

with ✏ ⌧ 1
<latexit sha1_base64="v+Xu/DttNxpQTUecsrmbuUJ16nE=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmls120i7dbMLuRiml/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji8mfqtR1SaJ/LejFIMYtqXPOKMGis9+JhqLhJJfCGI1y2V3Yo7A1kmXk7KkKPeLX35vYRlMUrDBNW647mpCcZUGc4ETop+pjGlbEj72LFU0hh1MJ5dPSGnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/8zqZia6CMZdpZlCy+aIoE8QkZBoB6XGFzIiRJZQpbm8lbEAVZcYGVbQheIsvL5NmteKdV6p3F+XadR5HAY7hBM7Ag0uowS3UoQEMFDzDK7w5T86L8+58zFtXnHzmCP7A+fwBwnqSBQ==</latexit>
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Backup Slides



DFSZ axion with sin2 � = 0.1
<latexit sha1_base64="js0fAVS9Svzipf1J0ZT4b4Yke60=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5BUQS9C0YvHCvYDmlg22027dLMJuxul1P4ULx4U8eov8ea/cdvmoK0PBh7vzTAzL0w5U9p1v63Cyura+kZxs7S1vbO7Z5f3myrJJKENkvBEtkOsKGeCNjTTnLZTSXEcctoKh9dTv/VApWKJuNOjlAYx7gsWMYK1kbp22VdM3Ff9kGqMLpHreF274jruDGiZeDmpQI561/7yewnJYio04VipjuemOhhjqRnhdFLyM0VTTIa4TzuGChxTFYxnp0/QsVF6KEqkKaHRTP09McaxUqM4NJ0x1gO16E3F/7xOpqOLYMxEmmkqyHxRlHGkEzTNAfWYpETzkSGYSGZuRWSAJSbapFUyIXiLLy+TZtXxTp3q7VmldpXHUYRDOIIT8OAcanADdWgAgUd4hld4s56sF+vd+pi3Fqx85gD+wPr8ARXckpM=</latexit>



Example calculation of finite density loops



Backup - Coupled system NS - scalar

Simplify in negligible gradient limit to normal TOV equations



Energy per particle



Pressure over energy density (EOS)



Not limited to periodic functions - quadratic coupling



Global view of stellar remnants with new ground state


