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Why Axions?

Can be DM

Solves Strong CP Problem

String Theory



1. Heavy Neutron Stars form Light Scalars

2. White Dwarfs probe Light QCD Axions
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<latexit sha1_base64="o0KxLsvGQuZm8f/ErEkBEXXM9BI="></latexit>

MNS ⇠ M3
P

m2
n

⇠ M�

<latexit sha1_base64="coMIirLD7QVWWNWUwiymDIIMU8M="></latexit>

RNS ⇠ MP

m2
n

⇠ 10 km

Imagine lighter neutrons:
<latexit sha1_base64="6nKTKCsGSA1KqVdtUsFm8/TTj34=">AAAB7HicbZDLTgIxFIbPeEW8oS7dNBITVzhDvO0kunGJiQMkMCGd0oGGtjNpOyaE8AxuXIjGre/ga7jzbewACwX/pMmX/z8nPeeECWfauO63s7S8srq2ntvIb25t7+wW9vZrOk4VoT6JeawaIdaUM0l9wwynjURRLEJO62H/Nsvrj1RpFssHM0hoIHBXsogRbKzli7Y8LbcLRbfkToQWwZtB8fpznOm12i58tToxSQWVhnCsddNzExMMsTKMcDrKt1JNE0z6uEubFiUWVAfDybAjdGydDopiZZ80aOL+7hhiofVAhLZSYNPT81lm/pc1UxNdBUMmk9RQSaYfRSlHJkbZ5qjDFCWGDyxgopidFZEeVpgYe5+8PYI3v/Ii1Mol76J0fn9WrNzAVDk4hCM4AQ8uoQJ3UAUfCDB4ghcYO9J5dt6c92npkjPrOYA/cj5+AFwFkuA=</latexit>

mn/2
<latexit sha1_base64="vyFnfcBdsZ+3n+VjkLoc97tmBuY=">AAACCXicbVC7SgNBFJ31bXxFLW0Gg2AVdn13ijY2QgQThWwIs5NJMmQey8xdSVjS2vgF+g02Fora+gd2/o2ziYVGD1w4nHMv994TxYJb8P1Pb2x8YnJqemY2Nze/sLiUX16pWJ0YyspUC22uImKZ4IqVgYNgV7FhREaCXUadk8y/vGbGcq0uoBezmiQtxZucEnBSPY/P6iGwLqQhcNXDknT7oeUSb2eGbmio5wt+0R8A/yXBNykcvt5luC/V8x9hQ9NEMgVUEGurgR9DLSUGOBWsnwsTy2JCO6TFqo4qIpmtpYNP+njDKQ3c1MaVAjxQf06kRFrbk5HrlATadtTLxP+8agLNg1rKVZwAU3S4qJkIDBpnseAGN4yC6DlCqOHuVkzbxBAKLrycCyEYffkvqWwVg73i7vlO4egYDTGD1tA62kQB2kdH6BSVUBlRdIMe0BN69m69R+/Fexu2jnnfM6voF7z3L28HnqU=</latexit>

Mmax ⇠ 3M�
<latexit sha1_base64="XisZH5DZ1AZHl/5CFi4gRn0ZJXc=">AAACBnicbVDLSsNAFJ34rPVVdekmWARXJRFfO4tuXFaxD0hDmUwn7dDJTJi5UUro3h9woQv9A3ci7vwNf8DvcNJ2YVsPXDiccy/33hPEnGlwnG9rbn5hcWk5t5JfXVvf2Cxsbde0TBShVSK5VI0Aa8qZoFVgwGkjVhRHAaf1oHeZ+fU7qjST4hb6MfUj3BEsZASDkbzmDet0ASsl71uFolNyhrBniTsmxfPPpwzPlVbhp9mWJImoAMKx1p7rxOCnWAEjnA7yzUTTGJMe7lDPUIEjqv10ePLA3jdK2w6lMiXAHqp/J1Icad2PAtMZYejqaS8T//O8BMIzP2UiToAKMloUJtwGaWf/222mKAHeNwQTxcytNulihQmYlPITawKFexQGJhh3OoZZUjssuSel4+ujYvkCjZBDu2gPHSAXnaIyukIVVEUESfSIXtCr9WC9We/Wx6h1zhrP7KAJWF+/cuKebg==</latexit>)

2

Why is that? At fixed energy density, need more neutrons 
<latexit sha1_base64="VGAQmYSl8HUOYL41F4c8rwSwVXY=">AAAB/HicbVDLSgMxFL1TX7W+ql26CRbBVZmRom6EohtXUsE+oB1KJs20oUlmSDKFodRfceNCEbd+iDv/xrSdhbYeuHByzr3k3hPEnGnjut9Obm19Y3Mrv13Y2d3bPygeHjV1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCka3M781pkqzSD6aNKa+wAPJQkawsVKvWOqOsaKxZty+3GvRu0dWLbsVdw60SryMlCFDvVf86vYjkggqDeFY647nxsafYGUY4XRa6CaaxpiM8IB2LJVYUO1P5stP0alV+iiMlC1p0Fz9PTHBQutUBLZTYDPUy95M/M/rJCa88idMxomhkiw+ChOOTIRmSaA+U5QYnlqCiWJ2V0SGWGFibF4FG4K3fPIqaZ5XvItK9aFart1kceThGE7gDDy4hBrcQR0aQCCFZ3iFN+fJeXHenY9Fa87JZkrwB87nD0J/lIU=</latexit>"0 = mN n

Consider free Fermi gas of neutrons 

Simple Idea



<latexit sha1_base64="REQ2PAHmdRM1WDQGiwdlj/VtHOw=">AAACE3icbVDLSgNBEJyNrxhfUcGLl8UgeAq74utm0IvHCOYBSQizk04yZHZ2mekNhnU/w4MeveoPiDfx6gf4A36Hk8SDSSzopqjqppvyQsE1Os6XlZqbX1hcSi9nVlbX1jeym1tlHUSKQYkFIlBVj2oQXEIJOQqohgqo7wmoeL3LoV/pg9I8kDc4CKHh047kbc4oGqmZ3QmbcR3hFk3nchB3FO0nSdLM5py8M4I9S9xfkjt/fRjisdjMftdbAYt8kMgE1brmOiE2YqqQMwFJph5pCCnr0Q7UDJXUB92IR/8n9r5RWnY7UKYk2iP170ZMfa0HvmcmfYpdPe0Nxf+8WoTts0bMZRghSDY+1I6EjYE9DMNucQUMxcAQyhQ3v9qsSxVlaCKbuOIp2gNMMiYYdzqGWVI+zLsn+ePro1zhgoyRJrtkjxwQl5ySArkiRVIijNyRJ/JMXqx76816tz7Goynrd2ebTMD6/AELMaQw</latexit>pgrav
<latexit sha1_base64="X74gxMaQ/+nyBfn9yUaKl77E7OI=">AAAB/nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKr5tBQTxGNA9IljA76SRDZmeXmV4hLAF/wKuiH+BNvOqn+AN+h7NJDiZa0FBUddPd5UeCa3ScLyszN7+wuJRdzq2srq1v5De3qjqMFYMKC0Wo6j7VILiECnIUUI8U0MAXUPP7F6lfuwOleShvcRCBF9Cu5B3OKBrpJmpdtvIFp+iMYP8l7oQUzj6fU7yUW/nvZjtkcQASmaBaN1wnQi+hCjkTMMw1Yw0RZX3ahYahkgagvWR06tDeM0rb7oTKlER7pP6eSGig9SDwTWdAsadnvVT8z2vE2Dn1Ei6jGEGy8aJOLGwM7fRvu80VMBQDQyhT3Nxqsx5VlKFJJze1xle0Dzg0wbizMfwl1YOie1w8uj4slM7JGFmyQ3bJPnHJCSmRK1ImFcJIlzyQR/Jk3Vuv1pv1Pm7NWJOZbTIF6+MHu6yarg==</latexit>pF
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Mass reduction sti ff ens  the EOS!

<latexit sha1_base64="o0KxLsvGQuZm8f/ErEkBEXXM9BI="></latexit>

MNS ⇠ M3
P

m2
n

⇠ M�

<latexit sha1_base64="coMIirLD7QVWWNWUwiymDIIMU8M="></latexit>

RNS ⇠ MP

m2
n

⇠ 10 km

Imagine lighter neutrons:
<latexit sha1_base64="6nKTKCsGSA1KqVdtUsFm8/TTj34=">AAAB7HicbZDLTgIxFIbPeEW8oS7dNBITVzhDvO0kunGJiQMkMCGd0oGGtjNpOyaE8AxuXIjGre/ga7jzbewACwX/pMmX/z8nPeeECWfauO63s7S8srq2ntvIb25t7+wW9vZrOk4VoT6JeawaIdaUM0l9wwynjURRLEJO62H/Nsvrj1RpFssHM0hoIHBXsogRbKzli7Y8LbcLRbfkToQWwZtB8fpznOm12i58tToxSQWVhnCsddNzExMMsTKMcDrKt1JNE0z6uEubFiUWVAfDybAjdGydDopiZZ80aOL+7hhiofVAhLZSYNPT81lm/pc1UxNdBUMmk9RQSaYfRSlHJkbZ5qjDFCWGDyxgopidFZEeVpgYe5+8PYI3v/Ii1Mol76J0fn9WrNzAVDk4hCM4AQ8uoQJ3UAUfCDB4ghcYO9J5dt6c92npkjPrOYA/cj5+AFwFkuA=</latexit>

mn/2
<latexit sha1_base64="vyFnfcBdsZ+3n+VjkLoc97tmBuY=">AAACCXicbVC7SgNBFJ31bXxFLW0Gg2AVdn13ijY2QgQThWwIs5NJMmQey8xdSVjS2vgF+g02Fora+gd2/o2ziYVGD1w4nHMv994TxYJb8P1Pb2x8YnJqemY2Nze/sLiUX16pWJ0YyspUC22uImKZ4IqVgYNgV7FhREaCXUadk8y/vGbGcq0uoBezmiQtxZucEnBSPY/P6iGwLqQhcNXDknT7oeUSb2eGbmio5wt+0R8A/yXBNykcvt5luC/V8x9hQ9NEMgVUEGurgR9DLSUGOBWsnwsTy2JCO6TFqo4qIpmtpYNP+njDKQ3c1MaVAjxQf06kRFrbk5HrlATadtTLxP+8agLNg1rKVZwAU3S4qJkIDBpnseAGN4yC6DlCqOHuVkzbxBAKLrycCyEYffkvqWwVg73i7vlO4egYDTGD1tA62kQB2kdH6BSVUBlRdIMe0BN69m69R+/Fexu2jnnfM6voF7z3L28HnqU=</latexit>

Mmax ⇠ 3M�
<latexit sha1_base64="XisZH5DZ1AZHl/5CFi4gRn0ZJXc=">AAACBnicbVDLSsNAFJ34rPVVdekmWARXJRFfO4tuXFaxD0hDmUwn7dDJTJi5UUro3h9woQv9A3ci7vwNf8DvcNJ2YVsPXDiccy/33hPEnGlwnG9rbn5hcWk5t5JfXVvf2Cxsbde0TBShVSK5VI0Aa8qZoFVgwGkjVhRHAaf1oHeZ+fU7qjST4hb6MfUj3BEsZASDkbzmDet0ASsl71uFolNyhrBniTsmxfPPpwzPlVbhp9mWJImoAMKx1p7rxOCnWAEjnA7yzUTTGJMe7lDPUIEjqv10ePLA3jdK2w6lMiXAHqp/J1Icad2PAtMZYejqaS8T//O8BMIzP2UiToAKMloUJtwGaWf/222mKAHeNwQTxcytNulihQmYlPITawKFexQGJhh3OoZZUjssuSel4+ujYvkCjZBDu2gPHSAXnaIyukIVVEUESfSIXtCr9WC9We/Wx6h1zhrP7KAJWF+/cuKebg==</latexit>)

2

Consider free Fermi gas of neutrons 

Simple Idea



Can a BSM scalar to achieve this?



<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (! )

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>
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<latexit sha1_base64="/hiM68tRNN6KYMrFl824TFuQjio=">AAAB7XicbZDLSsNAFIZP6q3WW9Wlm8Ei1E1JxNtGLLpxWcGmhTaUyXTSjp1kwsxEKKHv4MZFi7j1GXwNd76Nk7YLrf4w8PH/5zDnHD/mTGnb/rJyS8srq2v59cLG5tb2TnF3z1UikYTWieBCNn2sKGcRrWumOW3GkuLQ57ThD26zvPFEpWIietDDmHoh7kUsYARrY7lu2T6+sjvFkl2xp0J/wZlD6fpjnGlS6xQ/211BkpBGmnCsVMuxY+2lWGpGOB0V2omiMSYD3KMtgxEOqfLS6bQjdGScLgqENC/SaOr+7EhxqNQw9E1liHVfLWaZ+V/WSnRw6aUsihNNIzL7KEg40gJlq6Muk5RoPjSAiWRmVkT6WGKizYEK5gjO4sp/wT2pOOeVs/vTUvUGZsrDARxCGRy4gCrcQQ3qQOARnmEME0tYL9ar9TYrzVnznn34Jev9G/yXkpM=</latexit>

V (0) = 0
<latexit sha1_base64="U+JjzKBVv1C/CrdZ1kWqWnJ35SM="></latexit>

V (! ) = ! ! 4 (cos(! /f ) ! 1)

• ALP potential

Axion Like Particle

3



<latexit sha1_base64="8fjRdzRvjyBniH82fMI5/rzyJHY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1FMpevFYwbSFNpTNdtMu3WzC7kQopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHTZNkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4upv5rSeujUjUI45THsR0oEQkGEUr+V5tUHN75Ypbdecgq8TLSQVyNHrlr24/YVnMFTJJjel4borBhGoUTPJpqZsZnlI2ogPesVTRmJtgMj92Ss6s0idRom0pJHP198SExsaM49B2xhSHZtmbif95nQyjm2AiVJohV2yxKMokwYTMPid9oTlDObaEMi3srYQNqaYMbT4lG4K3/PIqaV5Uvavq5cNlpX6bx1GEEziFc/DgGupwDw3wgYGAZ3iFN0c5L86787FoLTj5zDH8gfP5A7Sbjfk=</latexit>

1 > g > 0

<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (! )

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>
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2

<latexit sha1_base64="U+JjzKBVv1C/CrdZ1kWqWnJ35SM="></latexit>

V (! ) = ! ! 4 (cos(! /f ) ! 1)

<latexit sha1_base64="DwHCz+pc73owYUoHJlCXBiuG7iU="></latexit>

O! N = !
gmN

2
[cos(! /f ) ! 1] øNN

• ALP potential

• Non-derivative coupling to nucleons

3

Axion Like Particle

<latexit sha1_base64="/hiM68tRNN6KYMrFl824TFuQjio=">AAAB7XicbZDLSsNAFIZP6q3WW9Wlm8Ei1E1JxNtGLLpxWcGmhTaUyXTSjp1kwsxEKKHv4MZFi7j1GXwNd76Nk7YLrf4w8PH/5zDnHD/mTGnb/rJyS8srq2v59cLG5tb2TnF3z1UikYTWieBCNn2sKGcRrWumOW3GkuLQ57ThD26zvPFEpWIietDDmHoh7kUsYARrY7lu2T6+sjvFkl2xp0J/wZlD6fpjnGlS6xQ/211BkpBGmnCsVMuxY+2lWGpGOB0V2omiMSYD3KMtgxEOqfLS6bQjdGScLgqENC/SaOr+7EhxqNQw9E1liHVfLWaZ+V/WSnRw6aUsihNNIzL7KEg40gJlq6Muk5RoPjSAiWRmVkT6WGKizYEK5gjO4sp/wT2pOOeVs/vTUvUGZsrDARxCGRy4gCrcQQ3qQOARnmEME0tYL9ar9TYrzVnznn34Jev9G/yXkpM=</latexit>

V (0) = 0



<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (! )

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>
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me = 0.51099895000(15) MeV
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1
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1
2

(# " )2 + V(" )

$" %= 0

2

<latexit sha1_base64="tl38rgTdA9H3blhTgI5dodryw74=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4tBiCBh13cOYtCLF0XBxEA2hNlJJw7OPpjpFcOag5+hRy8eFPGa3/Dm3zhJPKixoKGo6qa7y4sEV2jbn0ZqZHRsfCI9mZmanpmdM+cXyiqMJYMSC0UoKx5VIHgAJeQooBJJoL4n4NK7Pur5lzcgFQ+DC2xHUPNpK+BNzihqqW4u+fXTnL22X9gsuOsuwi0mJ1Du1M2snbf7sIaJ802yB92HHh7P6uaH2whZ7EOATFClqo4dYS2hEjkT0Mm4sYKIsmvagqqmAfVB1ZL+/R1rVSsNqxlKXQFaffXnREJ9pdq+pzt9ilfqr9cT//OqMTb3agkPohghYINFzVhYGFq9MKwGl8BQtDWhTHJ9q8WuqKQMdWQZHYLz9+VhUt7IOzv57fOtbPGQDJAmy2SF5IhDdkmRHJMzUiKM3JEn8kJejXvj2Xgz3getKeN7ZpH8gtH9Au/BmUY=</latexit>

mN (0) = 939 MeV

<latexit sha1_base64="U+JjzKBVv1C/CrdZ1kWqWnJ35SM="></latexit>

V (! ) = ! ! 4 (cos(! /f ) ! 1)

<latexit sha1_base64="DwHCz+pc73owYUoHJlCXBiuG7iU="></latexit>

O! N = !
gmN

2
[cos(! /f ) ! 1] øNN

• ALP potential

• Non-derivative coupling to nucleons

• ALP-dependent nucleon mass

<latexit sha1_base64="8fjRdzRvjyBniH82fMI5/rzyJHY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1FMpevFYwbSFNpTNdtMu3WzC7kQopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHTZNkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4upv5rSeujUjUI45THsR0oEQkGEUr+V5tUHN75Ypbdecgq8TLSQVyNHrlr24/YVnMFTJJjel4borBhGoUTPJpqZsZnlI2ogPesVTRmJtgMj92Ss6s0idRom0pJHP198SExsaM49B2xhSHZtmbif95nQyjm2AiVJohV2yxKMokwYTMPid9oTlDObaEMi3srYQNqaYMbT4lG4K3/PIqaV5Uvavq5cNlpX6bx1GEEziFc/DgGupwDw3wgYGAZ3iFN0c5L86787FoLTj5zDH8gfP5A7Sbjfk=</latexit>

1 > g > 0

<latexit sha1_base64="W6Bgh4YKzEks+YPwQT6QxsiAKUc="></latexit>

mN (! ) = mN

!
1 +

g
2

"
cos

!
!
f

#
! 1

$#

3

Axion Like Particle

<latexit sha1_base64="/hiM68tRNN6KYMrFl824TFuQjio=">AAAB7XicbZDLSsNAFIZP6q3WW9Wlm8Ei1E1JxNtGLLpxWcGmhTaUyXTSjp1kwsxEKKHv4MZFi7j1GXwNd76Nk7YLrf4w8PH/5zDnHD/mTGnb/rJyS8srq2v59cLG5tb2TnF3z1UikYTWieBCNn2sKGcRrWumOW3GkuLQ57ThD26zvPFEpWIietDDmHoh7kUsYARrY7lu2T6+sjvFkl2xp0J/wZlD6fpjnGlS6xQ/211BkpBGmnCsVMuxY+2lWGpGOB0V2omiMSYD3KMtgxEOqfLS6bQjdGScLgqENC/SaOr+7EhxqNQw9E1liHVfLWaZ+V/WSnRw6aUsihNNIzL7KEg40gJlq6Muk5RoPjSAiWRmVkT6WGKizYEK5gjO4sp/wT2pOOeVs/vTUvUGZsrDARxCGRy4gCrcQQ3qQOARnmEME0tYL9ar9TYrzVnznn34Jev9G/yXkpM=</latexit>

V (0) = 0



<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (! )

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

!
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Mplanck

me mN
!
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me = 0.51099895000(15) MeV

L = T " U

T =
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2
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2
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$" %= 0

2

<latexit sha1_base64="W6Bgh4YKzEks+YPwQT6QxsiAKUc="></latexit>

mN (! ) = mN

!
1 +

g
2

"
cos

!
!
f

#
! 1

$#
<latexit sha1_base64="tl38rgTdA9H3blhTgI5dodryw74=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4tBiCBh13cOYtCLF0XBxEA2hNlJJw7OPpjpFcOag5+hRy8eFPGa3/Dm3zhJPKixoKGo6qa7y4sEV2jbn0ZqZHRsfCI9mZmanpmdM+cXyiqMJYMSC0UoKx5VIHgAJeQooBJJoL4n4NK7Pur5lzcgFQ+DC2xHUPNpK+BNzihqqW4u+fXTnL22X9gsuOsuwi0mJ1Du1M2snbf7sIaJ802yB92HHh7P6uaH2whZ7EOATFClqo4dYS2hEjkT0Mm4sYKIsmvagqqmAfVB1ZL+/R1rVSsNqxlKXQFaffXnREJ9pdq+pzt9ilfqr9cT//OqMTb3agkPohghYINFzVhYGFq9MKwGl8BQtDWhTHJ9q8WuqKQMdWQZHYLz9+VhUt7IOzv57fOtbPGQDJAmy2SF5IhDdkmRHJMzUiKM3JEn8kJejXvj2Xgz3getKeN7ZpH8gtH9Au/BmUY=</latexit>

mN (0) = 939 MeV

<latexit sha1_base64="U+JjzKBVv1C/CrdZ1kWqWnJ35SM="></latexit>

V (! ) = ! ! 4 (cos(! /f ) ! 1)

<latexit sha1_base64="DwHCz+pc73owYUoHJlCXBiuG7iU="></latexit>

O! N = !
gmN

2
[cos(! /f ) ! 1] øNN

• ALP potential

• Non-derivative coupling to nucleons

• ALP-dependent nucleon mass

Not something crazy! For vanilla QCD axion:
<latexit sha1_base64="OWF9yEPjBv1rrPNZr4BGOOVAx5U="></latexit>

g !
! ! N

mN
" 0.05

<latexit sha1_base64="8fjRdzRvjyBniH82fMI5/rzyJHY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1FMpevFYwbSFNpTNdtMu3WzC7kQopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHTZNkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4upv5rSeujUjUI45THsR0oEQkGEUr+V5tUHN75Ypbdecgq8TLSQVyNHrlr24/YVnMFTJJjel4borBhGoUTPJpqZsZnlI2ogPesVTRmJtgMj92Ss6s0idRom0pJHP198SExsaM49B2xhSHZtmbif95nQyjm2AiVJohV2yxKMokwYTMPid9oTlDObaEMi3srYQNqaYMbT4lG4K3/PIqaV5Uvavq5cNlpX6bx1GEEziFc/DgGupwDw3wgYGAZ3iFN0c5L86787FoLTj5zDH8gfP5A7Sbjfk=</latexit>

1 > g > 0

3

Axion Like Particle

<latexit sha1_base64="/hiM68tRNN6KYMrFl824TFuQjio=">AAAB7XicbZDLSsNAFIZP6q3WW9Wlm8Ei1E1JxNtGLLpxWcGmhTaUyXTSjp1kwsxEKKHv4MZFi7j1GXwNd76Nk7YLrf4w8PH/5zDnHD/mTGnb/rJyS8srq2v59cLG5tb2TnF3z1UikYTWieBCNn2sKGcRrWumOW3GkuLQ57ThD26zvPFEpWIietDDmHoh7kUsYARrY7lu2T6+sjvFkl2xp0J/wZlD6fpjnGlS6xQ/211BkpBGmnCsVMuxY+2lWGpGOB0V2omiMSYD3KMtgxEOqfLS6bQjdGScLgqENC/SaOr+7EhxqNQw9E1liHVfLWaZ+V/WSnRw6aUsihNNIzL7KEg40gJlq6Muk5RoPjSAiWRmVkT6WGKizYEK5gjO4sp/wT2pOOeVs/vTUvUGZsrDARxCGRy4gCrcQQ3qQOARnmEME0tYL9ar9TYrzVnznn34Jev9G/yXkpM=</latexit>

V (0) = 0



Consider finite nucleon background
<latexit sha1_base64="C5rDdLfxXVcUyxvzwJ/a34lkF7E="></latexit>

! øNN " # ! N   N " $ n

4

Axion Like Particle at Finite Density



Consider finite nucleon background
<latexit sha1_base64="C5rDdLfxXVcUyxvzwJ/a34lkF7E="></latexit>

! øNN " # ! N   N " $ n

• Potential gets correction
<latexit sha1_base64="0vWE2RjC6gHesJwhA9s+ENwkf58="></latexit>
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Axion Like Particle at Finite Density



• Leads to a phase transition at 
<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (! )
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

!

<latexit sha1_base64="ejeNFSqwZzCoJjOFITfLzgYaRyY=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVVKVxwQVLAwIFYk+pCZUjuu0Vh0n2E6lKsoHsLDDT7AwUCFWPoCNv8FpO0DLkSwdnXOuru9xQ0alMs1vY25+YXFpObOSXV1b39jMbW3XZBAJTKo4YIFouEgSRjmpKqoYaYSCIN9lpO72LlK/3idC0oDfqkFIHB91OPUoRkpLrVyen/IWtsl9RPu2JxCOi/aVHm+ju1ISd6Dfuk50yiyYI8BZYk1I/mz4lOK50sp92e0ARz7hCjMkZdMyQ+XESCiKGUmydiRJiHAPdUhTU458Ip14dEwC97XShl4g9OMKjtTfEzHypRz4rk76SHXltJeK/3nNSHknTkx5GCnC8XiRFzGoApg2A9tUEKzYQBOEBdV/hbiLdCVK95fVJVjTJ8+SWrFgHRUOb0r58jkYIwN2wR44ABY4BmVwCSqgCjB4AC/gDQyNR+PVeDc+xtE5YzKzA/7A+PwByBGf7g==</latexit>

n > n c !
2! 4

gmN

Consider finite nucleon background
<latexit sha1_base64="C5rDdLfxXVcUyxvzwJ/a34lkF7E="></latexit>

! øNN " # ! N   N " $ n

• Potential gets correction
<latexit sha1_base64="0vWE2RjC6gHesJwhA9s+ENwkf58="></latexit>
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Axion Like Particle at Finite Density



• Leads to a phase transition at 
<latexit sha1_base64="NTb50fkDGJS3GC17/2PzZX7r1uc=">AAAB7nicbZDLSgMxFIbPeK31VnXpJliEuikzUtSdRTcuK9gLtEPJpJk2NJMJSUYoQx/CjWBF3PoKvoY738ZM24W2/hD4+P9zyDknkJxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhRhNZJzGPVCrCmnAlaN8xw2pKK4ijgtBkMb7O8+UiVZrF4MCNJ/Qj3BQsZwcZazUapIwfsrFsoumV3KrQM3hyK158vmSa1buGr04tJElFhCMdatz1XGj/FyjDC6TjfSTSVmAxxn7YtChxR7afTccfo1Do9FMbKPmHQ1P3dkeJI61EU2MoIm4FezDLzv6ydmPDKT5mQiaGCzD4KE45MjLLdUY8pSgwfWcBEMTsrIgOsMDH2Qnl7BG9x5WVonJe9i3LlvlKs3sBMOTiGEyiBB5dQhTuoQR0IDOEJJvDqSOfZeXPeZ6UrzrznCP7I+fgBqKmTnA==</latexit>

V (! )
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

!

<latexit sha1_base64="ejeNFSqwZzCoJjOFITfLzgYaRyY=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVVKVxwQVLAwIFYk+pCZUjuu0Vh0n2E6lKsoHsLDDT7AwUCFWPoCNv8FpO0DLkSwdnXOuru9xQ0alMs1vY25+YXFpObOSXV1b39jMbW3XZBAJTKo4YIFouEgSRjmpKqoYaYSCIN9lpO72LlK/3idC0oDfqkFIHB91OPUoRkpLrVyen/IWtsl9RPu2JxCOi/aVHm+ju1ISd6Dfuk50yiyYI8BZYk1I/mz4lOK50sp92e0ARz7hCjMkZdMyQ+XESCiKGUmydiRJiHAPdUhTU458Ip14dEwC97XShl4g9OMKjtTfEzHypRz4rk76SHXltJeK/3nNSHknTkx5GCnC8XiRFzGoApg2A9tUEKzYQBOEBdV/hbiLdCVK95fVJVjTJ8+SWrFgHRUOb0r58jkYIwN2wR44ABY4BmVwCSqgCjB4AC/gDQyNR+PVeDc+xtE5YzKzA/7A+PwByBGf7g==</latexit>

n > n c !
2! 4

gmN

ALP is minimized at 
<latexit sha1_base64="WxsYuPnj/MLIDu+zympXb93MWSY=">AAACEHicbVDLSsNAFJ34rPUV7dLNYBFclUR8bcSiG5cV7AOaUCbTSTt0MgkzEyGE/IQ73bjVP9CVuPUP/AG/w0nThW09cOFwzr2cy/EiRqWyrG9jYXFpeWW1tFZe39jc2jZ3dlsyjAUmTRyyUHQ8JAmjnDQVVYx0IkFQ4DHS9kbXud++J0LSkN+pJCJugAac+hQjpaWeWXE8gUZEpU40pNmFE1Ho98yqVbPGgPPEnpDq5ftjjqdGz/xx+iGOA8IVZkjKrm1Fyk2RUBQzkpWdWJII4REakK6mHAVEuun4+QweaKUP/VDo4QqO1b8XKQqkTAJPbwZIDeWsl4v/ed1Y+eduSnkUK8JxEeTHDKoQ5k3APhUEK5ZogrCg+leIh0ggrHRfUylFRVlZF2PP1jBPWkc1+7R2cntcrV+BAiWwB/bBIbDBGaiDG9AATYBBAp7BC3g1How348P4LFYXjMlNBUzB+PoF3VKhzA==</latexit>

! ! " = " f and effective nucleon mass is reduced
<latexit sha1_base64="piDoHziLwIIttw4HPLhOfZDrJf8=">AAACEHicbZDLSsNAFIYn9VbrLdqlm8EitAtLIt42YtGNK6lgL9CGMplO2qEzSZiZCCH0Jdzpxq2+ga7ErW/gC/gcTtoubOsPBz7+cw7n8Lsho1JZ1reRWVhcWl7JrubW1jc2t8ztnboMIoFJDQcsEE0XScKoT2qKKkaaoSCIu4w03MFV2m/cEyFp4N+pOCQORz2fehQjpa2Omeedm2I7pNArnadoH/RKHbNgla2R4DzYEyhcvD+meqp2zJ92N8ARJ77CDEnZsq1QOQkSimJGhrl2JEmI8AD1SEujjziRTjJ6fgj3tdOFXiB0+QqO3L8bCeJSxtzVkxypvpztpeZ/vVakvDMnoX4YKeLj8SEvYlAFME0CdqkgWLFYA8KC6l8h7iOBsNJ5TV1xBRoQNczpYOzZGOahfli2T8rHt0eFyiUYKwt2wR4oAhucggq4BlVQAxjE4Bm8gFfjwXgzPozP8WjGmOzkwZSMr1/sgZ/9</latexit>

mN (! f ) = mN (1 ! g)

Consider finite nucleon background
<latexit sha1_base64="C5rDdLfxXVcUyxvzwJ/a34lkF7E="></latexit>

! øNN " # ! N   N " $ n

• Potential gets correction
<latexit sha1_base64="0vWE2RjC6gHesJwhA9s+ENwkf58="></latexit>
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Axion Like Particle at Finite Density



5

Why not here on earth?



5

Gain energy by being in the true vacuum inside dense object.

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

!
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Field theory potential energy contains gradient term!
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Gain energy by being in the true vacuum inside dense object.
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!
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Resists change in profile !

    (Òstring does not want to be bendÓ)

Field theory potential energy contains gradient term!
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Gain energy by being in the true vacuum inside dense object.
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Condition for non-trivial pro file:
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Potential gainÉ  
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Why not here on earth?
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Objects  must  be large  enough.  No eff ects  in particle  
physics  experiments.

Condition for non-trivial pro file:
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Potential gainÉ  

É outweighs gradient energy price
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Minimizing the action

<latexit sha1_base64="IDq+4aCifzXBB/C2HGEKb/uJXno="></latexit>
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gµ#($µ #)($##) " V (#)
"

,

Free Fermi Gas of Neutrons with Axion
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coupled system

Minimizing the action

Einstein equations and axion EOM

Free Fermi Gas of Neutrons with Axion
<latexit sha1_base64="IDq+4aCifzXBB/C2HGEKb/uJXno="></latexit>
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coupled system

Minimizing the action

can be solved numerically, very technical

Einstein equations and axion EOM

Free Fermi Gas of Neutrons with Axion
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coupled system

Luckily, there is a simplifying limit!

Minimizing the action

can be solved numerically, very technical

Einstein equations and axion EOM

Free Fermi Gas of Neutrons with Axion
<latexit sha1_base64="IDq+4aCifzXBB/C2HGEKb/uJXno="></latexit>
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Scale hierarchy

Scale of the system Scale of 
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

!

<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R
<latexit sha1_base64="4D+XascxJjOXYZ0rAgeFvKD/S1U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQy+K+uWKW3XnIKvEy0kFcjT65a/eIGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqIR71qqaMyNP5mfOiVnVhmQMNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G4bU/ESrNkCu2WBRmkmBCZn+TgdCcoRxbQpkW9lbChlRThjadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AFB9o3L</latexit>

!

Negligible Gradient Limit

<latexit sha1_base64="6wG+BfB1kvaPW3rMDrn7r5gwKxI="></latexit>

! ! ! m! 1
! !

f
!

gmN n " 2! 4

8



Scale hierarchy

Scale of the system Scale of 
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

!

<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R
<latexit sha1_base64="4D+XascxJjOXYZ0rAgeFvKD/S1U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQy+K+uWKW3XnIKvEy0kFcjT65a/eIGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqIR71qqaMyNP5mfOiVnVhmQMNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G4bU/ESrNkCu2WBRmkmBCZn+TgdCcoRxbQpkW9lbChlRThjadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AFB9o3L</latexit>

!

Negligible Gradient Limit

Limit of a thin wall bubble

<latexit sha1_base64="6wG+BfB1kvaPW3rMDrn7r5gwKxI="></latexit>

! ! ! m! 1
! !

f
!

gmN n " 2! 4

8



Scale hierarchy

Scale of the system Scale of 
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

!

<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R
<latexit sha1_base64="4D+XascxJjOXYZ0rAgeFvKD/S1U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQy+K+uWKW3XnIKvEy0kFcjT65a/eIGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqIR71qqaMyNP5mfOiVnVhmQMNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G4bU/ESrNkCu2WBRmkmBCZn+TgdCcoRxbQpkW9lbChlRThjadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AFB9o3L</latexit>

!

Negligible Gradient Limit

• Gradient energy becomes negligible:

<latexit sha1_base64="0l2ScNTSgdw5CyBCexPf4RQsfSw=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaxXsquFPUiFL14rGA/sF1KNs22odlsSLJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvEBypo3rfju5ldW19Y38ZmFre2d3r7h/0NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYTVZrF4sGMJfUjPBAsZAQbKz125ZCdltXZtdsrltyKOwNaJl5GSpCh3it+dfsxSSIqDOFY647nSuOnWBlGOJ0UuommEpMRHtCOpQJHVPvp7OIJOrFKH4WxsiUMmqm/J1IcaT2OAtsZYTPUi95U/M/rJCa88lMmZGKoIPNFYcKRidH0fdRnihLDx5Zgopi9FZEhVpgYG1LBhuAtvrxMmucV76JSva+WajdZHHk4gmMogweXUIM7qEMDCAh4hld4c7Tz4rw7H/PWnJPNHMIfOJ8/CQ+P2w==</latexit>

! ! (r ) = 0

Limit of a thin wall bubble

<latexit sha1_base64="6wG+BfB1kvaPW3rMDrn7r5gwKxI="></latexit>

! ! ! m! 1
! !

f
!

gmN n " 2! 4
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Scale hierarchy

Scale of the system Scale of 
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

!

<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R
<latexit sha1_base64="4D+XascxJjOXYZ0rAgeFvKD/S1U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3TpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6xHHK/ZhGSoSCUbTSQy+K+uWKW3XnIKvEy0kFcjT65a/eIGFZzBUySY3pem6K/oRqFEzyaamXGZ5SNqIR71qqaMyNP5mfOiVnVhmQMNG2FJK5+ntiQmNjxnFgO2OKQ7PszcT/vG6G4bU/ESrNkCu2WBRmkmBCZn+TgdCcoRxbQpkW9lbChlRThjadkg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAQwTO8wpsjnRfn3flYtBacfOYY/sD5/AFB9o3L</latexit>

!

Negligible Gradient Limit

• Gradient energy becomes negligible:

• The system effectively decouples: Solve for EOS 

<latexit sha1_base64="0l2ScNTSgdw5CyBCexPf4RQsfSw=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaxXsquFPUiFL14rGA/sF1KNs22odlsSLJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvEBypo3rfju5ldW19Y38ZmFre2d3r7h/0NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYTVZrF4sGMJfUjPBAsZAQbKz125ZCdltXZtdsrltyKOwNaJl5GSpCh3it+dfsxSSIqDOFY647nSuOnWBlGOJ0UuommEpMRHtCOpQJHVPvp7OIJOrFKH4WxsiUMmqm/J1IcaT2OAtsZYTPUi95U/M/rJCa88lMmZGKoIPNFYcKRidH0fdRnihLDx5Zgopi9FZEhVpgYG1LBhuAtvrxMmucV76JSva+WajdZHHk4gmMogweXUIM7qEMDCAh4hld4c7Tz4rw7H/PWnJPNHMIfOJ8/CQ+P2w==</latexit>

! ! (r ) = 0

Solve pressure gravity equations

Limit of a thin wall bubble

<latexit sha1_base64="6wG+BfB1kvaPW3rMDrn7r5gwKxI="></latexit>

! ! ! m! 1
! !

f
!

gmN n " 2! 4
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minimising the potential energy 
!"
!#

= 0 <latexit sha1_base64="bVk1x+DPDAL8jxaA/sUMXRh1ylg=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahgpYZKepGKLpxJRXsA9phyKSpDc1kQpIRytClG3/FjQtF3PoJ7vwb0+kI2nog5OSce7m5JxCMKu04X1Zubn5hcSm/XFhZXVvfsDe3GiqKJSZ1HLFItgKkCKOc1DXVjLSEJCgMGGkGg8ux37wnUtGI3+qhIF6I7jjtUYy0kXx7V5T4YUf06cG58JPr0c/rqFFKb98uOmUnBZwlbkaKIEPNtz873QjHIeEaM6RU23WE9hIkNcWMjAqdWBGB8ADdkbahHIVEeUm6yAjuG6ULe5E0h2uYqr87EhQqNQwDUxki3VfT3lj8z2vHunfmJZSLWBOOJ4N6MYM6guNUYJdKgjUbGoKwpOavEPeRRFib7AomBHd65VnSOC67J+XKTaVYvcjiyIMdsAdKwAWnoAquQA3UAQYP4Am8gFfr0Xq23qz3SWnOynq2wR9YH98uVZgt</latexit>

p(n, ! ) = pN (n, ! ) ! V (! )

<latexit sha1_base64="ExF22Y6M6FyC8x3Xosl5as09RXY=">AAACHHicbZBNS8MwGMfT+TbnW9Wjl+IQJspodagXYejFk0xwL7CWkmbZFpamIUkHo+yDePGrePGgiBcPgt/GrKswpw+E/Pn9n4fk+QecEqls+8vILSwuLa/kVwtr6xubW+b2TkNGsUC4jiIaiVYAJaaE4boiiuIWFxiGAcXNYHA98ZtDLCSJ2L0aceyFsMdIlyCoNPLNU3cIBeaS0IiV2LHL++Twcob5ye34hx81Suntm0W7bKdl/RVOJoogq5pvfridCMUhZgpRKGXbsbnyEigUQRSPC24sMYdoAHu4rSWDIZZeki43tg406VjdSOjDlJXS2YkEhlKOwkB3hlD15bw3gf957Vh1L7yEMB4rzND0oW5MLRVZk6SsDhEYKTrSAiJB9F8t1IcCIqXzLOgQnPmV/4rGSdk5K1fuKsXqVRZHHuyBfVACDjgHVXADaqAOEHgAT+AFvBqPxrPxZrxPW3NGNrMLfpXx+Q0NtKFR</latexit>

! (n, " ) = ! N (n, " ) + V (" )

<latexit sha1_base64="b2RIJENKj4rC3kktsbZxsazFum0=">AAACNXicbVBLSwMxGMzWV62vqkcvwSJUhLIrRb0IRS8eRCrYB3TLkk2zbWiSXZKsUJb+KS/+D0968KCIV/+C2XZBbR0IDDPzJfnGjxhV2rZfrNzC4tLySn61sLa+sblV3N5pqjCWmDRwyELZ9pEijArS0FQz0o4kQdxnpOUPL1O/dU+koqG406OIdDnqCxpQjLSRvOK1G0iEEzdCUlPEYHP8w91oQMdHYibBvZty6hzOJs9tr1iyK/YEcJ44GSmBDHWv+OT2QhxzIjRmSKmOY0e6m6S3YkbGBTdWJEJ4iPqkY6hAnKhuMtl6DA+M0oNBKM0RGk7U3xMJ4kqNuG+SHOmBmvVS8T+vE+vgrJtQEcWaCDx9KIgZ1CFMK4Q9KgnWbGQIwpKav0I8QKYkbYoumBKc2ZXnSfO44pxUqrfVUu0iqyMP9sA+KAMHnIIauAJ10AAYPIBn8AberUfr1fqwPqfRnJXN7II/sL6+AQDNrL4=</latexit>

! V
!"

+ n
! mN (" )

!"
= 0

Equation of state

9



minimising the potential energy 
!"
!#

= 0

<latexit sha1_base64="YtMmjykQlK5U7tDjXs8er2CNUn4=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3VMjVhEX/VLZr/pzoFUS5KQMORr90ldvIEmaUGEJx8Z0A1/ZMMPaMsLptNhLDVWYjPGQdh0VOKEmzObnTtG5UwYoltqVsGiu/p7IcGLMJIlcZ4LtyCx7M/E/r5va+CbMmFCppYIsFsUpR1ai2e9owDQllk8cwUQzdysiI6wxsS6hogshWH55lbQuq8FVtfZQK9dv8zgKcApnUIEArqEO99CAJhAYwzO8wpunvBfv3ftYtK55+cwJ/IH3+QOsWo8l</latexit>

! (n)

<latexit sha1_base64="bVk1x+DPDAL8jxaA/sUMXRh1ylg=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahgpYZKepGKLpxJRXsA9phyKSpDc1kQpIRytClG3/FjQtF3PoJ7vwb0+kI2nog5OSce7m5JxCMKu04X1Zubn5hcSm/XFhZXVvfsDe3GiqKJSZ1HLFItgKkCKOc1DXVjLSEJCgMGGkGg8ux37wnUtGI3+qhIF6I7jjtUYy0kXx7V5T4YUf06cG58JPr0c/rqFFKb98uOmUnBZwlbkaKIEPNtz873QjHIeEaM6RU23WE9hIkNcWMjAqdWBGB8ADdkbahHIVEeUm6yAjuG6ULe5E0h2uYqr87EhQqNQwDUxki3VfT3lj8z2vHunfmJZSLWBOOJ4N6MYM6guNUYJdKgjUbGoKwpOavEPeRRFib7AomBHd65VnSOC67J+XKTaVYvcjiyIMdsAdKwAWnoAquQA3UAQYP4Am8gFfr0Xq23qz3SWnOynq2wR9YH98uVZgt</latexit>

p(n, ! ) = pN (n, ! ) ! V (! )

<latexit sha1_base64="ExF22Y6M6FyC8x3Xosl5as09RXY=">AAACHHicbZBNS8MwGMfT+TbnW9Wjl+IQJspodagXYejFk0xwL7CWkmbZFpamIUkHo+yDePGrePGgiBcPgt/GrKswpw+E/Pn9n4fk+QecEqls+8vILSwuLa/kVwtr6xubW+b2TkNGsUC4jiIaiVYAJaaE4boiiuIWFxiGAcXNYHA98ZtDLCSJ2L0aceyFsMdIlyCoNPLNU3cIBeaS0IiV2LHL++Twcob5ye34hx81Suntm0W7bKdl/RVOJoogq5pvfridCMUhZgpRKGXbsbnyEigUQRSPC24sMYdoAHu4rSWDIZZeki43tg406VjdSOjDlJXS2YkEhlKOwkB3hlD15bw3gf957Vh1L7yEMB4rzND0oW5MLRVZk6SsDhEYKTrSAiJB9F8t1IcCIqXzLOgQnPmV/4rGSdk5K1fuKsXqVRZHHuyBfVACDjgHVXADaqAOEHgAT+AFvBqPxrPxZrxPW3NGNrMLfpXx+Q0NtKFR</latexit>

! (n, " ) = ! N (n, " ) + V (" )

<latexit sha1_base64="b2RIJENKj4rC3kktsbZxsazFum0=">AAACNXicbVBLSwMxGMzWV62vqkcvwSJUhLIrRb0IRS8eRCrYB3TLkk2zbWiSXZKsUJb+KS/+D0968KCIV/+C2XZBbR0IDDPzJfnGjxhV2rZfrNzC4tLySn61sLa+sblV3N5pqjCWmDRwyELZ9pEijArS0FQz0o4kQdxnpOUPL1O/dU+koqG406OIdDnqCxpQjLSRvOK1G0iEEzdCUlPEYHP8w91oQMdHYibBvZty6hzOJs9tr1iyK/YEcJ44GSmBDHWv+OT2QhxzIjRmSKmOY0e6m6S3YkbGBTdWJEJ4iPqkY6hAnKhuMtl6DA+M0oNBKM0RGk7U3xMJ4kqNuG+SHOmBmvVS8T+vE+vgrJtQEcWaCDx9KIgZ1CFMK4Q9KgnWbGQIwpKav0I8QKYkbYoumBKc2ZXnSfO44pxUqrfVUu0iqyMP9sA+KAMHnIIauAJ10AAYPIBn8AberUfr1fqwPqfRnJXN7II/sL6+AQDNrL4=</latexit>

! V
!"

+ n
! mN (" )

!"
= 0

Equation of state

9



minimising the potential energy 

equation of state

!"
!#

= 0

<latexit sha1_base64="znIV5CvbMGEkdvgBWLVZGoZf7Po=">AAAB/HicbVDLSgMxFM34rPU12qWbYBEqSJmRoi6LblxWsA9oh5JJM21oJglJpjAM9VfcuFDErR/izr8xbWehrQfu5XDOveTmhJJRbTzv21lb39jc2i7sFHf39g8O3aPjlhaJwqSJBROqEyJNGOWkaahhpCMVQXHISDsc38389oQoTQV/NKkkQYyGnEYUI2OlvlvqTZAiUlMmeIWfX0jb+m7Zq3pzwFXi56QMcjT67ldvIHASE24wQ1p3fU+aIEPKUMzItNhLNJEIj9GQdC3lKCY6yObHT+GZVQYwEsoWN3Cu/t7IUKx1God2MkZmpJe9mfif101MdBNklMvEEI4XD0UJg0bAWRJwQBXBhqWWIKyovRXiEVIIG5tX0YbgL395lbQuq/5VtfZQK9dv8zgK4AScggrwwTWog3vQAE2AQQqewSt4c56cF+fd+ViMrjn5Tgn8gfP5A7jIlCs=</latexit>

! (n), p(n)

<latexit sha1_base64="bVk1x+DPDAL8jxaA/sUMXRh1ylg=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahgpYZKepGKLpxJRXsA9phyKSpDc1kQpIRytClG3/FjQtF3PoJ7vwb0+kI2nog5OSce7m5JxCMKu04X1Zubn5hcSm/XFhZXVvfsDe3GiqKJSZ1HLFItgKkCKOc1DXVjLSEJCgMGGkGg8ux37wnUtGI3+qhIF6I7jjtUYy0kXx7V5T4YUf06cG58JPr0c/rqFFKb98uOmUnBZwlbkaKIEPNtz873QjHIeEaM6RU23WE9hIkNcWMjAqdWBGB8ADdkbahHIVEeUm6yAjuG6ULe5E0h2uYqr87EhQqNQwDUxki3VfT3lj8z2vHunfmJZSLWBOOJ4N6MYM6guNUYJdKgjUbGoKwpOavEPeRRFib7AomBHd65VnSOC67J+XKTaVYvcjiyIMdsAdKwAWnoAquQA3UAQYP4Am8gFfr0Xq23qz3SWnOynq2wR9YH98uVZgt</latexit>

p(n, ! ) = pN (n, ! ) ! V (! )

<latexit sha1_base64="ExF22Y6M6FyC8x3Xosl5as09RXY=">AAACHHicbZBNS8MwGMfT+TbnW9Wjl+IQJspodagXYejFk0xwL7CWkmbZFpamIUkHo+yDePGrePGgiBcPgt/GrKswpw+E/Pn9n4fk+QecEqls+8vILSwuLa/kVwtr6xubW+b2TkNGsUC4jiIaiVYAJaaE4boiiuIWFxiGAcXNYHA98ZtDLCSJ2L0aceyFsMdIlyCoNPLNU3cIBeaS0IiV2LHL++Twcob5ye34hx81Suntm0W7bKdl/RVOJoogq5pvfridCMUhZgpRKGXbsbnyEigUQRSPC24sMYdoAHu4rSWDIZZeki43tg406VjdSOjDlJXS2YkEhlKOwkB3hlD15bw3gf957Vh1L7yEMB4rzND0oW5MLRVZk6SsDhEYKTrSAiJB9F8t1IcCIqXzLOgQnPmV/4rGSdk5K1fuKsXqVRZHHuyBfVACDjgHVXADaqAOEHgAT+AFvBqPxrPxZrxPW3NGNrMLfpXx+Q0NtKFR</latexit>

! (n, " ) = ! N (n, " ) + V (" )

<latexit sha1_base64="b2RIJENKj4rC3kktsbZxsazFum0=">AAACNXicbVBLSwMxGMzWV62vqkcvwSJUhLIrRb0IRS8eRCrYB3TLkk2zbWiSXZKsUJb+KS/+D0968KCIV/+C2XZBbR0IDDPzJfnGjxhV2rZfrNzC4tLySn61sLa+sblV3N5pqjCWmDRwyELZ9pEijArS0FQz0o4kQdxnpOUPL1O/dU+koqG406OIdDnqCxpQjLSRvOK1G0iEEzdCUlPEYHP8w91oQMdHYibBvZty6hzOJs9tr1iyK/YEcJ44GSmBDHWv+OT2QhxzIjRmSKmOY0e6m6S3YkbGBTdWJEJ4iPqkY6hAnKhuMtl6DA+M0oNBKM0RGk7U3xMJ4kqNuG+SHOmBmvVS8T+vE+vgrJtQEcWaCDx9KIgZ1CFMK4Q9KgnWbGQIwpKav0I8QKYkbYoumBKc2ZXnSfO44pxUqrfVUu0iqyMP9sA+KAMHnIIauAJ10AAYPIBn8AberUfr1fqwPqfRnJXN7II/sL6+AQDNrL4=</latexit>

! V
!"

+ n
! mN (" )

!"
= 0

<latexit sha1_base64="YtMmjykQlK5U7tDjXs8er2CNUn4=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3VMjVhEX/VLZr/pzoFUS5KQMORr90ldvIEmaUGEJx8Z0A1/ZMMPaMsLptNhLDVWYjPGQdh0VOKEmzObnTtG5UwYoltqVsGiu/p7IcGLMJIlcZ4LtyCx7M/E/r5va+CbMmFCppYIsFsUpR1ai2e9owDQllk8cwUQzdysiI6wxsS6hogshWH55lbQuq8FVtfZQK9dv8zgKcApnUIEArqEO99CAJhAYwzO8wpunvBfv3ftYtK55+cwJ/IH3+QOsWo8l</latexit>

! (n)

Equation of state
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What kind of EOS?
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What kind of EOS? There are competing effects

1) Mass reduction stiffens the EOS

2) Vacuum energy softens the EOSV(! ) = 2! 4

<latexit sha1_base64="1Wzw51b/XqO7qSjWUqI5Su1BClA=">AAACA3icbVDJSgNBEK1xjXGLevTSGIR4MMyI282gF08SwSyQDKGn05M06Z4ZunuEMOToD3hz+QNv4sWDH+IP+B32JDmYxAcFj/eqqKrnRZwpbdvf1tz8wuLScmYlu7q2vrGZ29quqjCWhFZIyENZ97CinAW0opnmtB5JioXHac3rXaV+7Z5KxcLgTvcj6grcCZjPCNZGqovWTcE57By0cnm7aA+BZokzJvmLz6cUz+VW7qfZDkksaKAJx0o1HDvSboKlZoTTQbYZKxph0sMd2jA0wIIqNxneO0D7RmkjP5SmAo2G6t+JBAul+sIznQLrrpr2UvE/rxFr/9xNWBDFmgZktMiPOdIhSp9HbSYp0bxvCCaSmVsR6WKJiTYRZSfWeBL3qB6YYJzpGGZJ9ajonBZPbo/zpUsYIQO7sAcFcOAMSnANZagAAQ6P8AKv1oP1Zr1bH6PWOWs8swMTsL5+AT9Rm/s=</latexit>

mN (1 ! g)

<latexit sha1_base64="XWKZxxLT30JIGC08D6ngWC36R7k="></latexit>

M NS !
1

(1 " g)2

M 3
P

m2
N

10

<latexit sha1_base64="bVk1x+DPDAL8jxaA/sUMXRh1ylg=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahgpYZKepGKLpxJRXsA9phyKSpDc1kQpIRytClG3/FjQtF3PoJ7vwb0+kI2nog5OSce7m5JxCMKu04X1Zubn5hcSm/XFhZXVvfsDe3GiqKJSZ1HLFItgKkCKOc1DXVjLSEJCgMGGkGg8ux37wnUtGI3+qhIF6I7jjtUYy0kXx7V5T4YUf06cG58JPr0c/rqFFKb98uOmUnBZwlbkaKIEPNtz873QjHIeEaM6RU23WE9hIkNcWMjAqdWBGB8ADdkbahHIVEeUm6yAjuG6ULe5E0h2uYqr87EhQqNQwDUxki3VfT3lj8z2vHunfmJZSLWBOOJ4N6MYM6guNUYJdKgjUbGoKwpOavEPeRRFib7AomBHd65VnSOC67J+XKTaVYvcjiyIMdsAdKwAWnoAquQA3UAQYP4Am8gFfr0Xq23qz3SWnOynq2wR9YH98uVZgt</latexit>

p(n, ! ) = pN (n, ! ) ! V (! )

<latexit sha1_base64="ExF22Y6M6FyC8x3Xosl5as09RXY=">AAACHHicbZBNS8MwGMfT+TbnW9Wjl+IQJspodagXYejFk0xwL7CWkmbZFpamIUkHo+yDePGrePGgiBcPgt/GrKswpw+E/Pn9n4fk+QecEqls+8vILSwuLa/kVwtr6xubW+b2TkNGsUC4jiIaiVYAJaaE4boiiuIWFxiGAcXNYHA98ZtDLCSJ2L0aceyFsMdIlyCoNPLNU3cIBeaS0IiV2LHL++Twcob5ye34hx81Suntm0W7bKdl/RVOJoogq5pvfridCMUhZgpRKGXbsbnyEigUQRSPC24sMYdoAHu4rSWDIZZeki43tg406VjdSOjDlJXS2YkEhlKOwkB3hlD15bw3gf957Vh1L7yEMB4rzND0oW5MLRVZk6SsDhEYKTrSAiJB9F8t1IcCIqXzLOgQnPmV/4rGSdk5K1fuKsXqVRZHHuyBfVACDjgHVXADaqAOEHgAT+AFvBqPxrPxZrxPW3NGNrMLfpXx+Q0NtKFR</latexit>

! (n, " ) = ! N (n, " ) + V (" )

Equation of state



Neutron star equation of state

! = "

! = "! = 0

<latexit sha1_base64="bguCahbVftJg2Y4hK5tYc/CtxeI=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVEvO0sunHZgr1AG8pketKOnUzCzEQooU/gxoUidelb+BrufBsnrQtt/WHg4//PYc45fsyZ0o7zZeWWlldW1/LrhY3Nre2d4u5eQ0WJpFinEY9kyycKORNY10xzbMUSSehzbPrDmyxvPqBULBJ3ehSjF5K+YAGjRBurJrrFklN2prIXwf2B0tXHJNNbtVv87PQimoQoNOVEqbbrxNpLidSMchwXOonCmNAh6WPboCAhKi+dDjq2j4zTs4NImie0PXV/d6QkVGoU+qYyJHqg5rPM/C9rJzq49FIm4kSjoLOPgoTbOrKzre0ek0g1HxkgVDIzq00HRBKqzW0K5gju/MqL0Dgpu+fls9ppqXINM+XhAA7hGFy4gArcQhXqQAHhEZ7hxbq3nqxXazIrzVk/PfvwR9b7N/wskYs=</latexit>n

<latexit sha1_base64="qPujtnyaxQk02FQiHVaCQ6iD0/g=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5tBLx4jmAckS5idzCZDZmfWmdlACPkOUTwo4tW7v+HNv3E2yUETCxqKqm66u4KYM21c99vJLCwuLa9kV3Nr6xubW/ntnaqWiSK0QiSXqh5gTTkTtGKY4bQeK4qjgNNa0LtO/VqfKs2kuDODmPoR7ggWMoKNlfxmHysaa8alOBKtfMEtumOgeeJNSeHy8zHFU7mV/2q2JUkiKgzhWOuG58bGH2JlGOF0lGsmmsaY9HCHNiwVOKLaH46PHqEDq7RRKJUtYdBY/T0xxJHWgyiwnRE2XT3rpeJ/XiMx4YU/ZCJODBVksihMODISpQmgNlOUGD6wBBPF7K2IdLHCxNiccjYEb/bleVI9LnpnxdPbk0LpCibIwh7swyF4cA4luIEyVIDAPTzAC7w6fefZeXPeJ60ZZzqzC3/gfPwAIFuW0Q==</latexit>

! /n

<latexit sha1_base64="wsnyGuzfk6Hg7/5EVnjzbhne9aM="></latexit>

p = n2 ! (" /n )
! n

= pN ! V
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Neutron star equation of state with an axion: Coexistence phase

! = "

! = "! = 0

<latexit sha1_base64="qPujtnyaxQk02FQiHVaCQ6iD0/g=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5tBLx4jmAckS5idzCZDZmfWmdlACPkOUTwo4tW7v+HNv3E2yUETCxqKqm66u4KYM21c99vJLCwuLa9kV3Nr6xubW/ntnaqWiSK0QiSXqh5gTTkTtGKY4bQeK4qjgNNa0LtO/VqfKs2kuDODmPoR7ggWMoKNlfxmHysaa8alOBKtfMEtumOgeeJNSeHy8zHFU7mV/2q2JUkiKgzhWOuG58bGH2JlGOF0lGsmmsaY9HCHNiwVOKLaH46PHqEDq7RRKJUtYdBY/T0xxJHWgyiwnRE2XT3rpeJ/XiMx4YU/ZCJODBVksihMODISpQmgNlOUGD6wBBPF7K2IdLHCxNiccjYEb/bleVI9LnpnxdPbk0LpCibIwh7swyF4cA4luIEyVIDAPTzAC7w6fefZeXPeJ60ZZzqzC3/gfPwAIFuW0Q==</latexit>

! /n

<latexit sha1_base64="bguCahbVftJg2Y4hK5tYc/CtxeI=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVEvO0sunHZgr1AG8pketKOnUzCzEQooU/gxoUidelb+BrufBsnrQtt/WHg4//PYc45fsyZ0o7zZeWWlldW1/LrhY3Nre2d4u5eQ0WJpFinEY9kyycKORNY10xzbMUSSehzbPrDmyxvPqBULBJ3ehSjF5K+YAGjRBurJrrFklN2prIXwf2B0tXHJNNbtVv87PQimoQoNOVEqbbrxNpLidSMchwXOonCmNAh6WPboCAhKi+dDjq2j4zTs4NImie0PXV/d6QkVGoU+qYyJHqg5rPM/C9rJzq49FIm4kSjoLOPgoTbOrKzre0ek0g1HxkgVDIzq00HRBKqzW0K5gju/MqL0Dgpu+fls9ppqXINM+XhAA7hGFy4gArcQhXqQAHhEZ7hxbq3nqxXazIrzVk/PfvwR9b7N/wskYs=</latexit>n

<latexit sha1_base64="wsnyGuzfk6Hg7/5EVnjzbhne9aM="></latexit>

p = n2 ! (" /n )
! n

= pN ! V

<latexit sha1_base64="q9idVTzrx+ldU97qRqtkQqTieUk=">AAAB/nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKr5tBLx4jmgckS5iddJIhs7PLTK8QloA/4FXRD/AmXvVT/AG/w9kkB5NY0FBUddPd5UeCa3ScbyuzsLi0vJJdza2tb2xu5bd3qjqMFYMKC0Wo6j7VILiECnIUUI8U0MAXUPP7V6lfuweleSjvcBCBF9Cu5B3OKBrpVrZYK19wis4I9jxxJ6Rw8fWS4rXcyv802yGLA5DIBNW64ToReglVyJmAYa4Za4go69MuNAyVNADtJaNTh/aBUdp2J1SmJNoj9e9EQgOtB4FvOgOKPT3rpeJ/XiPGzrmXcBnFCJKNF3ViYWNop3/bba6AoRgYQpni5lab9aiiDE06U1t8RfuAw5wJxp2NYZ5Uj4ruafHk5rhQuiRjZMke2SeHxCVnpESuSZlUCCNd8kieyLP1YL1Z79bHuDVjTWZ2yRSsz1/t2JrJ</latexit>nc

<latexit sha1_base64="ZP7eCaRWMumTweMms+TPBnLd9Vw=">AAACGXicbVC7TsMwFHV4lvIqMMJgUSExVUlVHguigoUBoSLRh9SGyHGc1qrjRLaDVEVd+AvgB1hhY2RDrEz8AN+B03agLUeydHTOPbrXx40Ylco0v42Z2bn5hcXMUnZ5ZXVtPbexWZNhLDCp4pCFouEiSRjlpKqoYqQRCYICl5G62z1P/fodEZKG/Eb1ImIHqM2pTzFSWnJyO9zBJy1fIJwUW5c656HbUj9pw8C56ju5vFkwB4DTxBqR/OnbQ4rHipP7aXkhjgPCFWZIyqZlRspOkFAUM9LPtmJJIoS7qE2amnIUEGkng1/04Z5WPOiHQj+u4ED9m0hQIGUvcPVkgFRHTnqp+J/XjJV/bCeUR7EiHA8X+TGDKoRpJdCjgmDFepogLKi+FeIO0pUoXVx2bI0rUJeotBhrsoZpUisWrMPCwXUpXz4DQ2TANtgF+8ACR6AMLkAFVAEG9+AZvIBX48l4Nz6Mz+HojDHKbIExGF+/IyWlGw==</latexit>

nc =
2! 4

gmN
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Neutron star equation of state with an axion: Coexistence phase

! = "

! = "! = 0

<latexit sha1_base64="qPujtnyaxQk02FQiHVaCQ6iD0/g=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5tBLx4jmAckS5idzCZDZmfWmdlACPkOUTwo4tW7v+HNv3E2yUETCxqKqm66u4KYM21c99vJLCwuLa9kV3Nr6xubW/ntnaqWiSK0QiSXqh5gTTkTtGKY4bQeK4qjgNNa0LtO/VqfKs2kuDODmPoR7ggWMoKNlfxmHysaa8alOBKtfMEtumOgeeJNSeHy8zHFU7mV/2q2JUkiKgzhWOuG58bGH2JlGOF0lGsmmsaY9HCHNiwVOKLaH46PHqEDq7RRKJUtYdBY/T0xxJHWgyiwnRE2XT3rpeJ/XiMx4YU/ZCJODBVksihMODISpQmgNlOUGD6wBBPF7K2IdLHCxNiccjYEb/bleVI9LnpnxdPbk0LpCibIwh7swyF4cA4luIEyVIDAPTzAC7w6fefZeXPeJ60ZZzqzC3/gfPwAIFuW0Q==</latexit>

! /n

<latexit sha1_base64="bguCahbVftJg2Y4hK5tYc/CtxeI=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVEvO0sunHZgr1AG8pketKOnUzCzEQooU/gxoUidelb+BrufBsnrQtt/WHg4//PYc45fsyZ0o7zZeWWlldW1/LrhY3Nre2d4u5eQ0WJpFinEY9kyycKORNY10xzbMUSSehzbPrDmyxvPqBULBJ3ehSjF5K+YAGjRBurJrrFklN2prIXwf2B0tXHJNNbtVv87PQimoQoNOVEqbbrxNpLidSMchwXOonCmNAh6WPboCAhKi+dDjq2j4zTs4NImie0PXV/d6QkVGoU+qYyJHqg5rPM/C9rJzq49FIm4kSjoLOPgoTbOrKzre0ek0g1HxkgVDIzq00HRBKqzW0K5gju/MqL0Dgpu+fls9ppqXINM+XhAA7hGFy4gArcQhXqQAHhEZ7hxbq3nqxXazIrzVk/PfvwR9b7N/wskYs=</latexit>n

<latexit sha1_base64="wsnyGuzfk6Hg7/5EVnjzbhne9aM="></latexit>

p = n2 ! (" /n )
! n

= pN ! V

<latexit sha1_base64="q9idVTzrx+ldU97qRqtkQqTieUk=">AAAB/nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKr5tBLx4jmgckS5iddJIhs7PLTK8QloA/4FXRD/AmXvVT/AG/w9kkB5NY0FBUddPd5UeCa3ScbyuzsLi0vJJdza2tb2xu5bd3qjqMFYMKC0Wo6j7VILiECnIUUI8U0MAXUPP7V6lfuweleSjvcBCBF9Cu5B3OKBrpVrZYK19wis4I9jxxJ6Rw8fWS4rXcyv802yGLA5DIBNW64ToReglVyJmAYa4Za4go69MuNAyVNADtJaNTh/aBUdp2J1SmJNoj9e9EQgOtB4FvOgOKPT3rpeJ/XiPGzrmXcBnFCJKNF3ViYWNop3/bba6AoRgYQpni5lab9aiiDE06U1t8RfuAw5wJxp2NYZ5Uj4ruafHk5rhQuiRjZMke2SeHxCVnpESuSZlUCCNd8kieyLP1YL1Z79bHuDVjTWZ2yRSsz1/t2JrJ</latexit>nc

<latexit sha1_base64="ZP7eCaRWMumTweMms+TPBnLd9Vw=">AAACGXicbVC7TsMwFHV4lvIqMMJgUSExVUlVHguigoUBoSLRh9SGyHGc1qrjRLaDVEVd+AvgB1hhY2RDrEz8AN+B03agLUeydHTOPbrXx40Ylco0v42Z2bn5hcXMUnZ5ZXVtPbexWZNhLDCp4pCFouEiSRjlpKqoYqQRCYICl5G62z1P/fodEZKG/Eb1ImIHqM2pTzFSWnJyO9zBJy1fIJwUW5c656HbUj9pw8C56ju5vFkwB4DTxBqR/OnbQ4rHipP7aXkhjgPCFWZIyqZlRspOkFAUM9LPtmJJIoS7qE2amnIUEGkng1/04Z5WPOiHQj+u4ED9m0hQIGUvcPVkgFRHTnqp+J/XjJV/bCeUR7EiHA8X+TGDKoRpJdCjgmDFepogLKi+FeIO0pUoXVx2bI0rUJeotBhrsoZpUisWrMPCwXUpXz4DQ2TANtgF+8ACR6AMLkAFVAEG9+AZvIBX48l4Nz6Mz+HojDHKbIExGF+/IyWlGw==</latexit>

nc =
2! 4

gmN
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Hybrid stars 

EOS is softer!

<latexit sha1_base64="2ZkgyUDgDLl/3fDFdcSX9vUcquI=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozUtSdRTcuK9oLtEPJpJk2NJMMSUYoQx/BjQuluvUlfA13vo2Ztgtt/SHw8f/nkHNOEHOmjet+O7mV1bX1jfxmYWt7Z3evuH/Q0DJRhNaJ5FK1AqwpZ4LWDTOctmJFcRRw2gyGN1nefKRKMykezCimfoT7goWMYGOt+07MusWSW3anQsvgzaF09TnJ9FbrFr86PUmSiApDONa67bmx8VOsDCOcjgudRNMYkyHu07ZFgSOq/XQ66hidWKeHQqnsEwZN3d8dKY60HkWBrYywGejFLDP/y9qJCS/9lIk4MVSQ2UdhwpGRKNsb9ZiixPCRBUwUs7MiMsAKE2OvU7BH8BZXXobGWdk7L1fuKqXqNcyUhyM4hlPw4AKqcAs1qAOBPjzBC7w63Hl2Js77rDTnzHsO4Y+cjx90hpJl</latexit>!



1st order phase transition:

" Generically softens EOSs
e.g. Kaon condensation

" Disfavoured 

!" !# $" $#

"%&

"%'

"%#

"%(

"%)

"%*

! = "

! = 0

<latexit sha1_base64="CoVMv4UyazlmnacXbkpsydY31aY=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVERN1ZdOOyBXuBNpTJ9KQdO5mEmYlQQp/AjQtF6tK38DXc+TZO2i609YeBj/8/hznn+DFnSjvOt5VbWV1b38hvFra2d3b3ivsHDRUlkmKdRjySLZ8o5ExgXTPNsRVLJKHPsekPb7O8+YhSsUjc61GMXkj6ggWMEm2smtMtlpyyM5W9DO4cStefk0zv1W7xq9OLaBKi0JQTpdquE2svJVIzynFc6CQKY0KHpI9tg4KEqLx0OujYPjFOzw4iaZ7Q9tT93ZGSUKlR6JvKkOiBWswy87+snejgykuZiBONgs4+ChJu68jOtrZ7TCLVfGSAUMnMrDYdEEmoNrcpmCO4iysvQ+Os7F6Uz2vnpcoNzJSHIziGU3DhEipwB1WoAwWEJ3iBV+vBerberMmsNGfNew7hj6yPH53ikUw=</latexit>

0

<latexit sha1_base64="2ZkgyUDgDLl/3fDFdcSX9vUcquI=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozUtSdRTcuK9oLtEPJpJk2NJMMSUYoQx/BjQuluvUlfA13vo2Ztgtt/SHw8f/nkHNOEHOmjet+O7mV1bX1jfxmYWt7Z3evuH/Q0DJRhNaJ5FK1AqwpZ4LWDTOctmJFcRRw2gyGN1nefKRKMykezCimfoT7goWMYGOt+07MusWSW3anQsvgzaF09TnJ9FbrFr86PUmSiApDONa67bmx8VOsDCOcjgudRNMYkyHu07ZFgSOq/XQ66hidWKeHQqnsEwZN3d8dKY60HkWBrYywGejFLDP/y9qJCS/9lIk4MVSQ2UdhwpGRKNsb9ZiixPCRBUwUs7MiMsAKE2OvU7BH8BZXXobGWdk7L1fuKqXqNcyUhyM4hlPw4AKqcAs1qAOBPjzBC7w63Hl2Js77rDTnzHsO4Y+cjx90hpJl</latexit>!

Coexistence  Phase: MR Curve
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Neutron star equation of state: new ground state of matter

! = "

! = "! = 0

<latexit sha1_base64="qPujtnyaxQk02FQiHVaCQ6iD0/g=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5tBLx4jmAckS5idzCZDZmfWmdlACPkOUTwo4tW7v+HNv3E2yUETCxqKqm66u4KYM21c99vJLCwuLa9kV3Nr6xubW/ntnaqWiSK0QiSXqh5gTTkTtGKY4bQeK4qjgNNa0LtO/VqfKs2kuDODmPoR7ggWMoKNlfxmHysaa8alOBKtfMEtumOgeeJNSeHy8zHFU7mV/2q2JUkiKgzhWOuG58bGH2JlGOF0lGsmmsaY9HCHNiwVOKLaH46PHqEDq7RRKJUtYdBY/T0xxJHWgyiwnRE2XT3rpeJ/XiMx4YU/ZCJODBVksihMODISpQmgNlOUGD6wBBPF7K2IdLHCxNiccjYEb/bleVI9LnpnxdPbk0LpCibIwh7swyF4cA4luIEyVIDAPTzAC7w6fefZeXPeJ60ZZzqzC3/gfPwAIFuW0Q==</latexit>

! /n

<latexit sha1_base64="PxAVdCOesqVQyXrkSOLzDifulOk=">AAACA3icbVDJSgNBEO2JW4xb1KOXwSB4CjPidhGDXjxGMAskQ+jpVJImPT1Dd40Qhhz9AW8uf+BNvHjwQ/wBv8OeJAeT+KDg8V4VVfX8SHCNjvNtZRYWl5ZXsqu5tfWNza389k5Vh7FiUGGhCFXdpxoEl1BBjgLqkQIa+AJqfv869Wv3oDQP5R0OIvAC2pW8wxlFI9Wb2AOkF04rX3CKzgj2PHEnpHD5+ZTiudzK/zTbIYsDkMgE1brhOhF6CVXImYBhrhlriCjr0y40DJU0AO0lo3uH9oFR2nYnVKYk2iP170RCA60HgW86A4o9Peul4n9eI8bOuZdwGcUIko0XdWJhY2inz9ttroChGBhCmeLmVpv1qKIMTURTW3xF+4DDnAnGnY1hnlSPiu5p8eT2uFC6ImNkyR7ZJ4fEJWekRG5ImVQII4I8khfyaj1Yb9a79TFuzViTmV0yBevrF1/0nKo=</latexit>

! = 0

<latexit sha1_base64="bguCahbVftJg2Y4hK5tYc/CtxeI=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVEvO0sunHZgr1AG8pketKOnUzCzEQooU/gxoUidelb+BrufBsnrQtt/WHg4//PYc45fsyZ0o7zZeWWlldW1/LrhY3Nre2d4u5eQ0WJpFinEY9kyycKORNY10xzbMUSSehzbPrDmyxvPqBULBJ3ehSjF5K+YAGjRBurJrrFklN2prIXwf2B0tXHJNNbtVv87PQimoQoNOVEqbbrxNpLidSMchwXOonCmNAh6WPboCAhKi+dDjq2j4zTs4NImie0PXV/d6QkVGoU+qYyJHqg5rPM/C9rJzq49FIm4kSjoLOPgoTbOrKzre0ek0g1HxkgVDIzq00HRBKqzW0K5gju/MqL0Dgpu+fls9ppqXINM+XhAA7hGFy4gArcQhXqQAHhEZ7hxbq3nqxXazIrzVk/PfvwR9b7N/wskYs=</latexit>n
<latexit sha1_base64="q9idVTzrx+ldU97qRqtkQqTieUk=">AAAB/nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKr5tBLx4jmgckS5iddJIhs7PLTK8QloA/4FXRD/AmXvVT/AG/w9kkB5NY0FBUddPd5UeCa3ScbyuzsLi0vJJdza2tb2xu5bd3qjqMFYMKC0Wo6j7VILiECnIUUI8U0MAXUPP7V6lfuweleSjvcBCBF9Cu5B3OKBrpVrZYK19wis4I9jxxJ6Rw8fWS4rXcyv802yGLA5DIBNW64ToReglVyJmAYa4Za4go69MuNAyVNADtJaNTh/aBUdp2J1SmJNoj9e9EQgOtB4FvOgOKPT3rpeJ/XiPGzrmXcBnFCJKNF3ViYWNop3/bba6AoRgYQpni5lab9aiiDE06U1t8RfuAw5wJxp2NYZ5Uj4ruafHk5rhQuiRjZMke2SeHxCVnpESuSZlUCCNd8kieyLP1YL1Z79bHuDVjTWZ2yRSsz1/t2JrJ</latexit>nc

<latexit sha1_base64="nTFSyScSOhId8MsvsJ2meLqRbQM=">AAACEnicbVDJSgNBEO2Je9xGxZOXwSB4CjPidjPoQU+iaBZIQujpVJImPT1Dd40YhvkLL3rzql+gN/HqD/gDfoed5WDUB1U83quiiudHgmt03U8rMzE5NT0zO5edX1hcWrZXVks6jBWDIgtFqCo+1SC4hCJyFFCJFNDAF1D2uyd9v3wDSvNQXmMvgnpA25K3OKNopIa9LhtJDeEWTeeyl5yfXqVp2rBzbt4dwPlLvBHJHb3c9/Fw0bC/as2QxQFIZIJqXfXcCOsJVciZgDRbizVElHVpG6qGShqArieD91NnyyhNpxUqUxKdgfpzI6GB1r3AN5MBxY7+7fXF/7xqjK3DesJlFCNINjzUioWDodPPwmlyBQxFzxDKFDe/OqxDFWVoEhu74ivaBUyzJhjvdwx/SWkn7+3n9y53c4VjMsQs2SCbZJt45IAUyBm5IEXCSEIeyRN5tu6sV+vNeh+OZqzRzhoZg/XxDZlMo1w=</latexit>nNGS

<latexit sha1_base64="wsnyGuzfk6Hg7/5EVnjzbhne9aM="></latexit>

p = n2 ! (" /n )
! n

= pN ! V

<latexit sha1_base64="ZP7eCaRWMumTweMms+TPBnLd9Vw=">AAACGXicbVC7TsMwFHV4lvIqMMJgUSExVUlVHguigoUBoSLRh9SGyHGc1qrjRLaDVEVd+AvgB1hhY2RDrEz8AN+B03agLUeydHTOPbrXx40Ylco0v42Z2bn5hcXMUnZ5ZXVtPbexWZNhLDCp4pCFouEiSRjlpKqoYqQRCYICl5G62z1P/fodEZKG/Eb1ImIHqM2pTzFSWnJyO9zBJy1fIJwUW5c656HbUj9pw8C56ju5vFkwB4DTxBqR/OnbQ4rHipP7aXkhjgPCFWZIyqZlRspOkFAUM9LPtmJJIoS7qE2amnIUEGkng1/04Z5WPOiHQj+u4ED9m0hQIGUvcPVkgFRHTnqp+J/XjJV/bCeUR7EiHA8X+TGDKoRpJdCjgmDFepogLKi+FeIO0pUoXVx2bI0rUJeotBhrsoZpUisWrMPCwXUpXz4DQ2TANtgF+8ACR6AMLkAFVAEG9+AZvIBX48l4Nz6Mz+HojDHKbIExGF+/IyWlGw==</latexit>

nc =
2! 4

gmN
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Neutron star equation of state: new ground state of matter

! = "

! = "! = 0

<latexit sha1_base64="qPujtnyaxQk02FQiHVaCQ6iD0/g=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5tBLx4jmAckS5idzCZDZmfWmdlACPkOUTwo4tW7v+HNv3E2yUETCxqKqm66u4KYM21c99vJLCwuLa9kV3Nr6xubW/ntnaqWiSK0QiSXqh5gTTkTtGKY4bQeK4qjgNNa0LtO/VqfKs2kuDODmPoR7ggWMoKNlfxmHysaa8alOBKtfMEtumOgeeJNSeHy8zHFU7mV/2q2JUkiKgzhWOuG58bGH2JlGOF0lGsmmsaY9HCHNiwVOKLaH46PHqEDq7RRKJUtYdBY/T0xxJHWgyiwnRE2XT3rpeJ/XiMx4YU/ZCJODBVksihMODISpQmgNlOUGD6wBBPF7K2IdLHCxNiccjYEb/bleVI9LnpnxdPbk0LpCibIwh7swyF4cA4luIEyVIDAPTzAC7w6fefZeXPeJ60ZZzqzC3/gfPwAIFuW0Q==</latexit>

! /n

<latexit sha1_base64="PxAVdCOesqVQyXrkSOLzDifulOk=">AAACA3icbVDJSgNBEO2JW4xb1KOXwSB4CjPidhGDXjxGMAskQ+jpVJImPT1Dd40Qhhz9AW8uf+BNvHjwQ/wBv8OeJAeT+KDg8V4VVfX8SHCNjvNtZRYWl5ZXsqu5tfWNza389k5Vh7FiUGGhCFXdpxoEl1BBjgLqkQIa+AJqfv869Wv3oDQP5R0OIvAC2pW8wxlFI9Wb2AOkF04rX3CKzgj2PHEnpHD5+ZTiudzK/zTbIYsDkMgE1brhOhF6CVXImYBhrhlriCjr0y40DJU0AO0lo3uH9oFR2nYnVKYk2iP170RCA60HgW86A4o9Peul4n9eI8bOuZdwGcUIko0XdWJhY2inz9ttroChGBhCmeLmVpv1qKIMTURTW3xF+4DDnAnGnY1hnlSPiu5p8eT2uFC6ImNkyR7ZJ4fEJWekRG5ImVQII4I8khfyaj1Yb9a79TFuzViTmV0yBevrF1/0nKo=</latexit>

! = 0

<latexit sha1_base64="bguCahbVftJg2Y4hK5tYc/CtxeI=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVEvO0sunHZgr1AG8pketKOnUzCzEQooU/gxoUidelb+BrufBsnrQtt/WHg4//PYc45fsyZ0o7zZeWWlldW1/LrhY3Nre2d4u5eQ0WJpFinEY9kyycKORNY10xzbMUSSehzbPrDmyxvPqBULBJ3ehSjF5K+YAGjRBurJrrFklN2prIXwf2B0tXHJNNbtVv87PQimoQoNOVEqbbrxNpLidSMchwXOonCmNAh6WPboCAhKi+dDjq2j4zTs4NImie0PXV/d6QkVGoU+qYyJHqg5rPM/C9rJzq49FIm4kSjoLOPgoTbOrKzre0ek0g1HxkgVDIzq00HRBKqzW0K5gju/MqL0Dgpu+fls9ppqXINM+XhAA7hGFy4gArcQhXqQAHhEZ7hxbq3nqxXazIrzVk/PfvwR9b7N/wskYs=</latexit>n
<latexit sha1_base64="q9idVTzrx+ldU97qRqtkQqTieUk=">AAAB/nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKr5tBLx4jmgckS5iddJIhs7PLTK8QloA/4FXRD/AmXvVT/AG/w9kkB5NY0FBUddPd5UeCa3ScbyuzsLi0vJJdza2tb2xu5bd3qjqMFYMKC0Wo6j7VILiECnIUUI8U0MAXUPP7V6lfuweleSjvcBCBF9Cu5B3OKBrpVrZYK19wis4I9jxxJ6Rw8fWS4rXcyv802yGLA5DIBNW64ToReglVyJmAYa4Za4go69MuNAyVNADtJaNTh/aBUdp2J1SmJNoj9e9EQgOtB4FvOgOKPT3rpeJ/XiPGzrmXcBnFCJKNF3ViYWNop3/bba6AoRgYQpni5lab9aiiDE06U1t8RfuAw5wJxp2NYZ5Uj4ruafHk5rhQuiRjZMke2SeHxCVnpESuSZlUCCNd8kieyLP1YL1Z79bHuDVjTWZ2yRSsz1/t2JrJ</latexit>nc

<latexit sha1_base64="nTFSyScSOhId8MsvsJ2meLqRbQM=">AAACEnicbVDJSgNBEO2Je9xGxZOXwSB4CjPidjPoQU+iaBZIQujpVJImPT1Dd40YhvkLL3rzql+gN/HqD/gDfoed5WDUB1U83quiiudHgmt03U8rMzE5NT0zO5edX1hcWrZXVks6jBWDIgtFqCo+1SC4hCJyFFCJFNDAF1D2uyd9v3wDSvNQXmMvgnpA25K3OKNopIa9LhtJDeEWTeeyl5yfXqVp2rBzbt4dwPlLvBHJHb3c9/Fw0bC/as2QxQFIZIJqXfXcCOsJVciZgDRbizVElHVpG6qGShqArieD91NnyyhNpxUqUxKdgfpzI6GB1r3AN5MBxY7+7fXF/7xqjK3DesJlFCNINjzUioWDodPPwmlyBQxFzxDKFDe/OqxDFWVoEhu74ivaBUyzJhjvdwx/SWkn7+3n9y53c4VjMsQs2SCbZJt45IAUyBm5IEXCSEIeyRN5tu6sV+vNeh+OZqzRzhoZg/XxDZlMo1w=</latexit>nNGS

<latexit sha1_base64="0iRQrHQ6utBKgj+tLG9tpf2YvWI="></latexit>! !
n

" #
#
#
n NGS

< m N

<latexit sha1_base64="wsnyGuzfk6Hg7/5EVnjzbhne9aM="></latexit>

p = n2 ! (" /n )
! n

= pN ! V

<latexit sha1_base64="ZP7eCaRWMumTweMms+TPBnLd9Vw=">AAACGXicbVC7TsMwFHV4lvIqMMJgUSExVUlVHguigoUBoSLRh9SGyHGc1qrjRLaDVEVd+AvgB1hhY2RDrEz8AN+B03agLUeydHTOPbrXx40Ylco0v42Z2bn5hcXMUnZ5ZXVtPbexWZNhLDCp4pCFouEiSRjlpKqoYqQRCYICl5G62z1P/fodEZKG/Eb1ImIHqM2pTzFSWnJyO9zBJy1fIJwUW5c656HbUj9pw8C56ju5vFkwB4DTxBqR/OnbQ4rHipP7aXkhjgPCFWZIyqZlRspOkFAUM9LPtmJJIoS7qE2amnIUEGkng1/04Z5WPOiHQj+u4ED9m0hQIGUvcPVkgFRHTnqp+J/XjJV/bCeUR7EiHA8X+TGDKoRpJdCjgmDFepogLKi+FeIO0pUoXVx2bI0rUJeotBhrsoZpUisWrMPCwXUpXz4DQ2TANtgF+8ACR6AMLkAFVAEG9+AZvIBX48l4Nz6Mz+HojDHKbIExGF+/IyWlGw==</latexit>

nc =
2! 4

gmN

<latexit sha1_base64="pML0oE0vlnEBsGs2iQ2EeaoCFoQ=">AAACGHicbVC7SgNBFJ31bXxFLdMMBkELw674akTRQitRNImQhDA7udEhs7PLzF0xLFv4GeYHbLW0sxNbO3/A73CSWKjxwL0czrmXO3P8SAqDrvvhDA2PjI6NT0xmpqZnZuey8wslE8aaQ5GHMtSXPjMghYIiCpRwGWlggS+h7LcOu375BrQRobrAdgS1gF0p0RScoZXq2Vy0oupJFeEWbReqTU+OztN0da2069azebfg9kAHifdN8nvP9110TuvZz2oj5HEACrlkxlQ8N8JawjQKLiHNVGMDEeMtdgUVSxULwNSS3idSumyVBm2G2pZC2lN/biQsMKYd+HYyYHht/npd8T+vEmNzp5YIFcUIivcPNWNJMaTdRGhDaOAo25YwroV9K+XXTDOONrfMrzO+Zi3A1Abj/Y1hkJTWC95WYfNsI79/QPqYIDmyRFaIR7bJPjkmp6RIOLkjD+SRPDkd58V5dd76o0PO984i+QXn/Qv7BKRx</latexit>

p(nNGS ) ! V = 0
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Neutron star equation of state: new ground state of matter

! = "

! = "! = 0

<latexit sha1_base64="qPujtnyaxQk02FQiHVaCQ6iD0/g=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr5tBLx4jmAckS5idzCZDZmfWmdlACPkOUTwo4tW7v+HNv3E2yUETCxqKqm66u4KYM21c99vJLCwuLa9kV3Nr6xubW/ntnaqWiSK0QiSXqh5gTTkTtGKY4bQeK4qjgNNa0LtO/VqfKs2kuDODmPoR7ggWMoKNlfxmHysaa8alOBKtfMEtumOgeeJNSeHy8zHFU7mV/2q2JUkiKgzhWOuG58bGH2JlGOF0lGsmmsaY9HCHNiwVOKLaH46PHqEDq7RRKJUtYdBY/T0xxJHWgyiwnRE2XT3rpeJ/XiMx4YU/ZCJODBVksihMODISpQmgNlOUGD6wBBPF7K2IdLHCxNiccjYEb/bleVI9LnpnxdPbk0LpCibIwh7swyF4cA4luIEyVIDAPTzAC7w6fefZeXPeJ60ZZzqzC3/gfPwAIFuW0Q==</latexit>

! /n

<latexit sha1_base64="PxAVdCOesqVQyXrkSOLzDifulOk=">AAACA3icbVDJSgNBEO2JW4xb1KOXwSB4CjPidhGDXjxGMAskQ+jpVJImPT1Dd40Qhhz9AW8uf+BNvHjwQ/wBv8OeJAeT+KDg8V4VVfX8SHCNjvNtZRYWl5ZXsqu5tfWNza389k5Vh7FiUGGhCFXdpxoEl1BBjgLqkQIa+AJqfv869Wv3oDQP5R0OIvAC2pW8wxlFI9Wb2AOkF04rX3CKzgj2PHEnpHD5+ZTiudzK/zTbIYsDkMgE1brhOhF6CVXImYBhrhlriCjr0y40DJU0AO0lo3uH9oFR2nYnVKYk2iP170RCA60HgW86A4o9Peul4n9eI8bOuZdwGcUIko0XdWJhY2inz9ttroChGBhCmeLmVpv1qKIMTURTW3xF+4DDnAnGnY1hnlSPiu5p8eT2uFC6ImNkyR7ZJ4fEJWekRG5ImVQII4I8khfyaj1Yb9a79TFuzViTmV0yBevrF1/0nKo=</latexit>

! = 0

<latexit sha1_base64="bguCahbVftJg2Y4hK5tYc/CtxeI=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJVEvO0sunHZgr1AG8pketKOnUzCzEQooU/gxoUidelb+BrufBsnrQtt/WHg4//PYc45fsyZ0o7zZeWWlldW1/LrhY3Nre2d4u5eQ0WJpFinEY9kyycKORNY10xzbMUSSehzbPrDmyxvPqBULBJ3ehSjF5K+YAGjRBurJrrFklN2prIXwf2B0tXHJNNbtVv87PQimoQoNOVEqbbrxNpLidSMchwXOonCmNAh6WPboCAhKi+dDjq2j4zTs4NImie0PXV/d6QkVGoU+qYyJHqg5rPM/C9rJzq49FIm4kSjoLOPgoTbOrKzre0ek0g1HxkgVDIzq00HRBKqzW0K5gju/MqL0Dgpu+fls9ppqXINM+XhAA7hGFy4gArcQhXqQAHhEZ7hxbq3nqxXazIrzVk/PfvwR9b7N/wskYs=</latexit>n
<latexit sha1_base64="q9idVTzrx+ldU97qRqtkQqTieUk=">AAAB/nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKr5tBLx4jmgckS5iddJIhs7PLTK8QloA/4FXRD/AmXvVT/AG/w9kkB5NY0FBUddPd5UeCa3ScbyuzsLi0vJJdza2tb2xu5bd3qjqMFYMKC0Wo6j7VILiECnIUUI8U0MAXUPP7V6lfuweleSjvcBCBF9Cu5B3OKBrpVrZYK19wis4I9jxxJ6Rw8fWS4rXcyv802yGLA5DIBNW64ToReglVyJmAYa4Za4go69MuNAyVNADtJaNTh/aBUdp2J1SmJNoj9e9EQgOtB4FvOgOKPT3rpeJ/XiPGzrmXcBnFCJKNF3ViYWNop3/bba6AoRgYQpni5lab9aiiDE06U1t8RfuAw5wJxp2NYZ5Uj4ruafHk5rhQuiRjZMke2SeHxCVnpESuSZlUCCNd8kieyLP1YL1Z79bHuDVjTWZ2yRSsz1/t2JrJ</latexit>nc

<latexit sha1_base64="nTFSyScSOhId8MsvsJ2meLqRbQM=">AAACEnicbVDJSgNBEO2Je9xGxZOXwSB4CjPidjPoQU+iaBZIQujpVJImPT1Dd40YhvkLL3rzql+gN/HqD/gDfoed5WDUB1U83quiiudHgmt03U8rMzE5NT0zO5edX1hcWrZXVks6jBWDIgtFqCo+1SC4hCJyFFCJFNDAF1D2uyd9v3wDSvNQXmMvgnpA25K3OKNopIa9LhtJDeEWTeeyl5yfXqVp2rBzbt4dwPlLvBHJHb3c9/Fw0bC/as2QxQFIZIJqXfXcCOsJVciZgDRbizVElHVpG6qGShqArieD91NnyyhNpxUqUxKdgfpzI6GB1r3AN5MBxY7+7fXF/7xqjK3DesJlFCNINjzUioWDodPPwmlyBQxFzxDKFDe/OqxDFWVoEhu74ivaBUyzJhjvdwx/SWkn7+3n9y53c4VjMsQs2SCbZJt45IAUyBm5IEXCSEIeyRN5tu6sV+vNeh+OZqzRzhoZg/XxDZlMo1w=</latexit>nNGS

<latexit sha1_base64="0iRQrHQ6utBKgj+tLG9tpf2YvWI="></latexit>! !
n

" #
#
#
n NGS

< m N

<latexit sha1_base64="wsnyGuzfk6Hg7/5EVnjzbhne9aM="></latexit>

p = n2 ! (" /n )
! n

= pN ! V

<latexit sha1_base64="ZP7eCaRWMumTweMms+TPBnLd9Vw=">AAACGXicbVC7TsMwFHV4lvIqMMJgUSExVUlVHguigoUBoSLRh9SGyHGc1qrjRLaDVEVd+AvgB1hhY2RDrEz8AN+B03agLUeydHTOPbrXx40Ylco0v42Z2bn5hcXMUnZ5ZXVtPbexWZNhLDCp4pCFouEiSRjlpKqoYqQRCYICl5G62z1P/fodEZKG/Eb1ImIHqM2pTzFSWnJyO9zBJy1fIJwUW5c656HbUj9pw8C56ju5vFkwB4DTxBqR/OnbQ4rHipP7aXkhjgPCFWZIyqZlRspOkFAUM9LPtmJJIoS7qE2amnIUEGkng1/04Z5WPOiHQj+u4ED9m0hQIGUvcPVkgFRHTnqp+J/XjJV/bCeUR7EiHA8X+TGDKoRpJdCjgmDFepogLKi+FeIO0pUoXVx2bI0rUJeotBhrsoZpUisWrMPCwXUpXz4DQ2TANtgF+8ACR6AMLkAFVAEG9+AZvIBX48l4Nz6Mz+HojDHKbIExGF+/IyWlGw==</latexit>

nc =
2! 4

gmN

<latexit sha1_base64="pML0oE0vlnEBsGs2iQ2EeaoCFoQ=">AAACGHicbVC7SgNBFJ31bXxFLdMMBkELw674akTRQitRNImQhDA7udEhs7PLzF0xLFv4GeYHbLW0sxNbO3/A73CSWKjxwL0czrmXO3P8SAqDrvvhDA2PjI6NT0xmpqZnZuey8wslE8aaQ5GHMtSXPjMghYIiCpRwGWlggS+h7LcOu375BrQRobrAdgS1gF0p0RScoZXq2Vy0oupJFeEWbReqTU+OztN0da2069azebfg9kAHifdN8nvP9110TuvZz2oj5HEACrlkxlQ8N8JawjQKLiHNVGMDEeMtdgUVSxULwNSS3idSumyVBm2G2pZC2lN/biQsMKYd+HYyYHht/npd8T+vEmNzp5YIFcUIivcPNWNJMaTdRGhDaOAo25YwroV9K+XXTDOONrfMrzO+Zi3A1Abj/Y1hkJTWC95WYfNsI79/QPqYIDmyRFaIR7bJPjkmp6RIOLkjD+SRPDkd58V5dd76o0PO984i+QXn/Qv7BKRx</latexit>

p(nNGS ) ! V = 0

13

New ground state!
max[Mmax] ! M"

EOS (can be) stiff er!

<latexit sha1_base64="2ZkgyUDgDLl/3fDFdcSX9vUcquI=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozUtSdRTcuK9oLtEPJpJk2NJMMSUYoQx/BjQuluvUlfA13vo2Ztgtt/SHw8f/nkHNOEHOmjet+O7mV1bX 1jfxmYWt7Z3evuH/Q0DJRhNaJ5FK1AqwpZ4LWDTOctmJFcRRw2gyGN1nefKRKMykezCimfoT7goWMYGOt+07MusWSW3anQsvgzaF09TnJ9FbrFr86PUmSiApDONa67bmx8VOsDCOcjgudRNMYkyHu07ZFgSOq/XQ66hidWKeHQqnsEwZN3d8dKY60HkWBrYywGejFLDP/y9qJCS/9lIk4MVSQ2UdhwpGRKNsb9ZiixPCRBUwUs7MiMsAKE2OvU7BH8BZXXobGWdk7L1fuKqXqNcyUhyM4hlPw4AKqcAs1qAOBPjzBC7w63Hl2Js77rDTnzHsO4Y+cjx90hpJl</latexit>!

Equation of state



! "! #!! #"! $!!
!

$

%

&

'

#!

#$

#%

! = 5 MeV , g = 0 .75

This can be a large effect

NGS for

M max ! 11.2M !

Rmax ! 160 km

New Ground State: MR Curve
<latexit sha1_base64="2ZkgyUDgDLl/3fDFdcSX9vUcquI=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozUtSdRTcuK9oLtEPJpJk2NJMMSUYoQx/BjQuluvUlfA13vo2Ztgtt/SHw8f/nkHNOEHOmjet+O7mV1bX1jfxmYWt7Z3evuH/Q0DJRhNaJ5FK1AqwpZ4LWDTOctmJFcRRw2gyGN1nefKRKMykezCimfoT7goWMYGOt+07MusWSW3anQsvgzaF09TnJ9FbrFr86PUmSiApDONa67bmx8VOsDCOcjgudRNMYkyHu07ZFgSOq/XQ66hidWKeHQqnsEwZN3d8dKY60HkWBrYywGejFLDP/y9qJCS/9lIk4MVSQ2UdhwpGRKNsb9ZiixPCRBUwUs7MiMsAKE2OvU7BH8BZXXobGWdk7L1fuKqXqNcyUhyM4hlPw4AKqcAs1qAOBPjzBC7w63Hl2Js77rDTnzHsO4Y+cjx90hpJl</latexit>!

14



! "# !# "##
"#! $

#%##"

#%#"#

#%"##

"

"#Self bound objects
M ! ! NGSR3

Minimal size
Rmin !

f
! 2

Field has to fit inside 
R3

! = 5 MeV , g = 0 .75

New Ground State: MR Curve
<latexit sha1_base64="2ZkgyUDgDLl/3fDFdcSX9vUcquI=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozUtSdRTcuK9oLtEPJpJk2NJMMSUYoQx/BjQuluvUlfA13vo2Ztgtt/SHw8f/nkHNOEHOmjet+O7mV1bX1jfxmYWt7Z3evuH/Q0DJRhNaJ5FK1AqwpZ4LWDTOctmJFcRRw2gyGN1nefKRKMykezCimfoT7goWMYGOt+07MusWSW3anQsvgzaF09TnJ9FbrFr86PUmSiApDONa67bmx8VOsDCOcjgudRNMYkyHu07ZFgSOq/XQ66hidWKeHQqnsEwZN3d8dKY60HkWBrYywGejFLDP/y9qJCS/9lIk4MVSQ2UdhwpGRKNsb9ZiixPCRBUwUs7MiMsAKE2OvU7BH8BZXXobGWdk7L1fuKqXqNcyUhyM4hlPw4AKqcAs1qAOBPjzBC7w63Hl2Js77rDTnzHsO4Y+cjx90hpJl</latexit>!

14



Parameterspace
<latexit sha1_base64="dDW6jIzsL3vtUY0wZ9GSin7BvPw=">AAACIXicbZDLSsNAFIYnXmu9RV26CRahXbQmUrQboejGhYsK9gJNLJPJpB06uTBzIpTQV3Hjq7hxoUh34ss4bbPQ1gMDH/9/DmfO78acSTDNL21ldW19YzO3ld/e2d3b1w8OWzJKBKFNEvFIdFwsKWchbQIDTjuxoDhwOW27w5up336iQrIofIBRTJ0A90PmM4JBST291ira8YCVrsr2nZry8GPV5tSHok0imZHyz3xbsP4ASmUrg55eMCvmrIxlsDIooKwaPX1iexFJAhoC4VjKrmXG4KRYACOcjvN2ImmMyRD3aVdhiAMqnXR24dg4VYpn+JFQLwRjpv6eSHEg5ShwVWeAYSAXvan4n9dNwK85KQvjBGhI5ov8hBsQGdO4DI8JSoCPFGAimPqrQQZYYAIq1LwKwVo8eRla5xXrolK9rxbq11kcOXSMTlARWegS1dEtaqAmIugZvaJ39KG9aG/apzaZt65o2cwR+lPa9w+aUKKW</latexit>

V (! ) = ! ! 4 (cos (! /f ) ! 1)

<latexit sha1_base64="tEreX1QVoD2LPC5tCaSY5vabziY="></latexit>

O! N =
g mN

2
øNN cos

!
!
f

"

<latexit sha1_base64="iat7mD8pDYPTYcqcZ5/JKR7hf7Y=">AAACIHicbVA7TsNAFFzzJ/wClDQWERJVZCN+HQgKKChAIgEpttDz+jlZZf1h9xkRWTkAR4CSC9DCDegQJRyAc7BJKPiNtNJoZp7e2wkyKTQ5zps1NDwyOjY+MVmamp6ZnSvPL9R1miuONZ7KVJ0HoFGKBGskSOJ5phDiQOJZ0N7v+WdXqLRIk1PqZOjH0ExEJDiQkS7KFe/IhEPwLnMIPYkRNTzCayoOsN71lGi2yDcpp+r0Yf8l7hep7Dzd9nB3fFH+8MKU5zEmxCVo3XCdjPwCFAkusVvyco0Z8DY0sWFoAjFqv+h/pmuvGCW0o1SZl5DdV79PFBBr3YkDk4yBWvq31xP/8xo5Rdt+IZIsJ0z4YFGUS5tSu9eMHQqFnGTHEOBKmFtt3gIFnEx/P7YECtpI3ZIpxv1dw19SX6u6m9WNk/XK7h4bYIItsWW2yly2xXbZITtmNcbZDXtgj+zJureerRfrdRAdsr5mFtkPWO+fVo6pAg==</latexit> !
[G

eV
]

<latexit sha1_base64="nRpjreRbWfjTLAVuawCRmWieGTA="></latexit>

mN (1 ! g) [GeV] 15

Parameter Space



Parameterspace

EFT breaks down

EFT valid

<latexit sha1_base64="iat7mD8pDYPTYcqcZ5/JKR7hf7Y=">AAACIHicbVA7TsNAFFzzJ/wClDQWERJVZCN+HQgKKChAIgEpttDz+jlZZf1h9xkRWTkAR4CSC9DCDegQJRyAc7BJKPiNtNJoZp7e2wkyKTQ5zps1NDwyOjY+MVmamp6ZnSvPL9R1miuONZ7KVJ0HoFGKBGskSOJ5phDiQOJZ0N7v+WdXqLRIk1PqZOjH0ExEJDiQkS7KFe/IhEPwLnMIPYkRNTzCayoOsN71lGi2yDcpp+r0Yf8l7hep7Dzd9nB3fFH+8MKU5zEmxCVo3XCdjPwCFAkusVvyco0Z8DY0sWFoAjFqv+h/pmuvGCW0o1SZl5DdV79PFBBr3YkDk4yBWvq31xP/8xo5Rdt+IZIsJ0z4YFGUS5tSu9eMHQqFnGTHEOBKmFtt3gIFnEx/P7YECtpI3ZIpxv1dw19SX6u6m9WNk/XK7h4bYIItsWW2yly2xXbZITtmNcbZDXtgj+zJureerRfrdRAdsr5mFtkPWO+fVo6pAg==</latexit> !
[G

eV
]

<latexit sha1_base64="nRpjreRbWfjTLAVuawCRmWieGTA="></latexit>

mN (1 ! g) [GeV]

<latexit sha1_base64="dDW6jIzsL3vtUY0wZ9GSin7BvPw=">AAACIXicbZDLSsNAFIYnXmu9RV26CRahXbQmUrQboejGhYsK9gJNLJPJpB06uTBzIpTQV3Hjq7hxoUh34ss4bbPQ1gMDH/9/DmfO78acSTDNL21ldW19YzO3ld/e2d3b1w8OWzJKBKFNEvFIdFwsKWchbQIDTjuxoDhwOW27w5up336iQrIofIBRTJ0A90PmM4JBST291ira8YCVrsr2nZry8GPV5tSHok0imZHyz3xbsP4ASmUrg55eMCvmrIxlsDIooKwaPX1iexFJAhoC4VjKrmXG4KRYACOcjvN2ImmMyRD3aVdhiAMqnXR24dg4VYpn+JFQLwRjpv6eSHEg5ShwVWeAYSAXvan4n9dNwK85KQvjBGhI5ov8hBsQGdO4DI8JSoCPFGAimPqrQQZYYAIq1LwKwVo8eRla5xXrolK9rxbq11kcOXSMTlARWegS1dEtaqAmIugZvaJ39KG9aG/apzaZt65o2cwR+lPa9w+aUKKW</latexit>

V (! ) = ! ! 4 (cos (! /f ) ! 1)

<latexit sha1_base64="tEreX1QVoD2LPC5tCaSY5vabziY="></latexit>

O! N =
g mN

2
øNN cos

!
!
f

"

Parameter Space

15



Plan

2. White Dwarfs probe Light QCD Axions 

arXiv:2211.02661

White Dwarfs

https://arxiv.org/abs/2211.02661v1


What is a White Dwarf?

Pressure from degenerate electron gas

<latexit sha1_base64="qTcVFJ+3jp49G6meQGbmz3UHssI=">AAACAHicbVDLSsNAFJ34rPVVdelmsAiuSiK+dhYFcVnBtIU2lsn0ph06mYSZiVBCN/6AW+sXuBOX+if+gN/hpO3Cth64cDjnXu69x485U9q2v62FxaXlldXcWn59Y3Nru7CzW1VRIim4NOKRrPtEAWcCXM00h3osgYQ+h5rfu8782iNIxSJxr/sxeCHpCBYwSrSR3Lh18wCtQtEu2SPgeeJMSPHyc5jhtdIq/DTbEU1CEJpyolTDsWPtpURqRjkM8s1EQUxoj3SgYaggISgvHR07wIdGaeMgkqaExiP170RKQqX6oW86Q6K7atbLxP+8RqKDCy9lIk40CDpeFCQc6whnn+M2k0A17xtCqGTmVky7RBKqTT5TW3xJeqAHeROMMxvDPKkel5yz0undSbF8hcbIoX10gI6Qg85RGd2iCnIRRQw9oxc0tJ6sN+vd+hi3LliTmT00BevrF0Y8m4U=</latexit>

pe
F

<latexit sha1_base64="REQ2PAHmdRM1WDQGiwdlj/VtHOw=">AAACE3icbVDLSgNBEJyNrxhfUcGLl8UgeAq74utm0IvHCOYBSQizk04yZHZ2mekNhnU/w4MeveoPiDfx6gf4A36Hk8SDSSzopqjqppvyQsE1Os6XlZqbX1hcSi9nVlbX1jeym1tlHUSKQYkFIlBVj2oQXEIJOQqohgqo7wmoeL3LoV/pg9I8kDc4CKHh047kbc4oGqmZ3QmbcR3hFk3nchB3FO0nSdLM5py8M4I9S9xfkjt/fRjisdjMftdbAYt8kMgE1brmOiE2YqqQMwFJph5pCCnr0Q7UDJXUB92IR/8n9r5RWnY7UKYk2iP170ZMfa0HvmcmfYpdPe0Nxf+8WoTts0bMZRghSDY+1I6EjYE9DMNucQUMxcAQyhQ3v9qsSxVlaCKbuOIp2gNMMiYYdzqGWVI+zLsn+ePro1zhgoyRJrtkjxwQl5ySArkiRVIijNyRJ/JMXqx76816tz7Goynrd2ebTMD6/AELMaQw</latexit>pgrav

Mass from non-relativistic nuclei

Mass

Radius

<latexit sha1_base64="hRsSAKEs42dgT+pqufdWTKav5BI="></latexit>

M WD !
M 3

P

m2
N

" M !

<latexit sha1_base64="pR+lUdekyrz+5ffI4bUYK+osG7E="></latexit>

RWD !
M P

mN me
" 104 km

Much less dense ,  much better understood

3. White Dwarfs probe Light QCD Axions

<latexit sha1_base64="2Hn1Fj2V7RqgZ+v+hD2JWDIOWD0="></latexit>

! WD / ! NS ! (me/m N )3 " 10! 9

16



<latexit sha1_base64="dDW6jIzsL3vtUY0wZ9GSin7BvPw=">AAACIXicbZDLSsNAFIYnXmu9RV26CRahXbQmUrQboejGhYsK9gJNLJPJpB06uTBzIpTQV3Hjq7hxoUh34ss4bbPQ1gMDH/9/DmfO78acSTDNL21ldW19YzO3ld/e2d3b1w8OWzJKBKFNEvFIdFwsKWchbQIDTjuxoDhwOW27w5up336iQrIofIBRTJ0A90PmM4JBST291ira8YCVrsr2nZry8GPV5tSHok0imZHyz3xbsP4ASmUrg55eMCvmrIxlsDIooKwaPX1iexFJAhoC4VjKrmXG4KRYACOcjvN2ImmMyRD3aVdhiAMqnXR24dg4VYpn+JFQLwRjpv6eSHEg5ShwVWeAYSAXvan4n9dNwK85KQvjBGhI5ov8hBsQGdO4DI8JSoCPFGAimPqrQQZYYAIq1LwKwVo8eRla5xXrolK9rxbq11kcOXSMTlARWegS1dEtaqAmIugZvaJ39KG9aG/apzaZt65o2cwR+lPa9w+aUKKW</latexit>

V (! ) = ! ! 4 (cos (! /f ) ! 1)

<latexit sha1_base64="tEreX1QVoD2LPC5tCaSY5vabziY="></latexit>

O! N =
g mN

2
øNN cos

!
!
f

"
Light QCD Axions: map from previous model

<latexit sha1_base64="oaa+Z/SqQQrrc0kNdylqa0h1gtE="></latexit>

! 4 = ! m2
! f 2

!

<latexit sha1_base64="j4e1U6Uy7pTOWGXEmmODm4ux28A="></latexit>

g !
! ! N

mN
! 0.05

<latexit sha1_base64="gFgJp1LjPPLKJ/YxWJjlsAZYdAU=">AAACIHicbZDLSgMxFIYzXmu9VV26CRbBVZkpxboRim5cSQV7gc44ZNJMG5pkhiQjlGEexY2v4saFIrrTpzFtR9DWHwIf/zmHk/MHMaNK2/antbS8srq2Xtgobm5t7+yW9vbbKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QSjy0m9c0+kopG41eOYeBwNBA0pRtpYfqkufHzuhhLh1CWxoiwSkPupG9Psrhr+QJbWXEUHHE0NeJ1lfqlsV+yp4CI4OZRBrqZf+nD7EU44ERozpFTPsWPtpUhqihnJim6iSIzwCA1Iz6BAnCgvnR6YwWPj9GEYSfOEhlP390SKuFJjHphOjvRQzdcm5n+1XqLDMy+lIk40EXi2KEwY1BGcpAX7VBKs2dgAwpKav0I8RCYtbTItmhCc+ZMXoV2tOKeV2k2t3LjI4yiAQ3AEToAD6qABrkATtAAGD+AJvIBX69F6tt6s91nrkpXPHIA/sr6+AUiCpEs=</latexit>

nc =
!m2

! f 2
!

4" ! N

3. White Dwarfs probe Light QCD Axions

16



<latexit sha1_base64="dDW6jIzsL3vtUY0wZ9GSin7BvPw=">AAACIXicbZDLSsNAFIYnXmu9RV26CRahXbQmUrQboejGhYsK9gJNLJPJpB06uTBzIpTQV3Hjq7hxoUh34ss4bbPQ1gMDH/9/DmfO78acSTDNL21ldW19YzO3ld/e2d3b1w8OWzJKBKFNEvFIdFwsKWchbQIDTjuxoDhwOW27w5up336iQrIofIBRTJ0A90PmM4JBST291ira8YCVrsr2nZry8GPV5tSHok0imZHyz3xbsP4ASmUrg55eMCvmrIxlsDIooKwaPX1iexFJAhoC4VjKrmXG4KRYACOcjvN2ImmMyRD3aVdhiAMqnXR24dg4VYpn+JFQLwRjpv6eSHEg5ShwVWeAYSAXvan4n9dNwK85KQvjBGhI5ov8hBsQGdO4DI8JSoCPFGAimPqrQQZYYAIq1LwKwVo8eRla5xXrolK9rxbq11kcOXSMTlARWegS1dEtaqAmIugZvaJ39KG9aG/apzaZt65o2cwR+lPa9w+aUKKW</latexit>

V (! ) = ! ! 4 (cos (! /f ) ! 1)

<latexit sha1_base64="tEreX1QVoD2LPC5tCaSY5vabziY="></latexit>

O! N =
g mN

2
øNN cos

!
!
f

"
Light QCD Axions: map from previous model

<latexit sha1_base64="oaa+Z/SqQQrrc0kNdylqa0h1gtE="></latexit>

! 4 = ! m2
! f 2

!

<latexit sha1_base64="j4e1U6Uy7pTOWGXEmmODm4ux28A="></latexit>

g !
! ! N

mN
! 0.05

In WDs, only the new ground state is accessible

New ground state density set by electron pressure

<latexit sha1_base64="gFgJp1LjPPLKJ/YxWJjlsAZYdAU=">AAACIHicbZDLSgMxFIYzXmu9VV26CRbBVZkpxboRim5cSQV7gc44ZNJMG5pkhiQjlGEexY2v4saFIrrTpzFtR9DWHwIf/zmHk/MHMaNK2/antbS8srq2Xtgobm5t7+yW9vbbKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QSjy0m9c0+kopG41eOYeBwNBA0pRtpYfqkufHzuhhLh1CWxoiwSkPupG9Psrhr+QJbWXEUHHE0NeJ1lfqlsV+yp4CI4OZRBrqZf+nD7EU44ERozpFTPsWPtpUhqihnJim6iSIzwCA1Iz6BAnCgvnR6YwWPj9GEYSfOEhlP390SKuFJjHphOjvRQzdcm5n+1XqLDMy+lIk40EXi2KEwY1BGcpAX7VBKs2dgAwpKav0I8RCYtbTItmhCc+ZMXoV2tOKeV2k2t3LjI4yiAQ3AEToAD6qABrkATtAAGD+AJvIBX69F6tt6s91nrkpXPHIA/sr6+AUiCpEs=</latexit>

nc =
!m2

! f 2
!

4" ! N

3. White Dwarfs probe Light QCD Axions

<latexit sha1_base64="a4dY1SoJgQBTFw3OHxAbdwnnfVw=">AAACGnicbVC7SgNBFJ31bXxFLUUYDIIWhl3x1YiihVaiaKKQhGV2cqNDZmeXmbtiWLbyKxR/wFYrWzuxtfEH/A4niYWvA/dyOOde7swJYikMuu6709Pb1z8wODScGxkdG5/IT06VTZRoDiUeyUifBcyAFApKKFDCWayBhYGE06C52/ZPL0EbEakTbMVQC9m5Eg3BGVrJz8/GPiwoP60iXKHtQrXowd5xli0ulTddP19wi24H9C/xvkhh6+mmjdtDP/9RrUc8CUEhl8yYiufGWEuZRsElZLlqYiBmvMnOoWKpYiGYWtr5RkbnrVKnjUjbUkg76veNlIXGtMLAToYML8xvry3+51USbGzUUqHiBEHx7qFGIilGtJ0JrQsNHGXLEsa1sG+l/IJpxtEml/txJtCsCZjZYLzfMfwl5eWit1ZcPVopbO+QLobIDJkjC8Qj62Sb7JNDUiKcXJN78kAenTvn2XlxXrujPc7XzjT5AeftE5NBpUk=</latexit>

pe(nNGS ) ! V = 0
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<latexit sha1_base64="dDW6jIzsL3vtUY0wZ9GSin7BvPw=">AAACIXicbZDLSsNAFIYnXmu9RV26CRahXbQmUrQboejGhYsK9gJNLJPJpB06uTBzIpTQV3Hjq7hxoUh34ss4bbPQ1gMDH/9/DmfO78acSTDNL21ldW19YzO3ld/e2d3b1w8OWzJKBKFNEvFIdFwsKWchbQIDTjuxoDhwOW27w5up336iQrIofIBRTJ0A90PmM4JBST291ira8YCVrsr2nZry8GPV5tSHok0imZHyz3xbsP4ASmUrg55eMCvmrIxlsDIooKwaPX1iexFJAhoC4VjKrmXG4KRYACOcjvN2ImmMyRD3aVdhiAMqnXR24dg4VYpn+JFQLwRjpv6eSHEg5ShwVWeAYSAXvan4n9dNwK85KQvjBGhI5ov8hBsQGdO4DI8JSoCPFGAimPqrQQZYYAIq1LwKwVo8eRla5xXrolK9rxbq11kcOXSMTlARWegS1dEtaqAmIugZvaJ39KG9aG/apzaZt65o2cwR+lPa9w+aUKKW</latexit>

V (! ) = ! ! 4 (cos (! /f ) ! 1)

<latexit sha1_base64="tEreX1QVoD2LPC5tCaSY5vabziY="></latexit>

O! N =
g mN

2
øNN cos

!
!
f

"
Light QCD Axions: map from previous model

<latexit sha1_base64="oaa+Z/SqQQrrc0kNdylqa0h1gtE="></latexit>

! 4 = ! m2
! f 2

!

<latexit sha1_base64="j4e1U6Uy7pTOWGXEmmODm4ux28A="></latexit>

g !
! ! N

mN
! 0.05

In WDs, only the new ground state is accessible

There exists a range of densities with 
and no stable configuration:

<latexit sha1_base64="Hixo8HSyHyFdnDxjE5iKL5SELL0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6l9Uz+/OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5QJkXY=</latexit>! Translates to gap in the MR Curve!

<latexit sha1_base64="sJNRlltcwBkQAsM28O5cwQIip14=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozIupCsOjGZUV7gXYomTTThiaZIckIZegjuHGhVLe+hK/hzrcx03ahrT8EPv7/HHLOCWLOtHHdbye3tLyyupZfL2xsbm3vFHf36jpKFKE1EvFINQOsKWeS1gwznDZjRbEIOG0Eg5ssbzxSpVkkH8wwpr7APclCRrCx1n186XaKJbfsToQWwZtB6epznOmt2il+tbsRSQSVhnCsdctzY+OnWBlGOB0V2ommMSYD3KMtixILqv10MuoIHVmni8JI2ScNmri/O1IstB6KwFYKbPp6PsvM/7JWYsILP2UyTgyVZPpRmHBkIpTtjbpMUWL40AImitlZEeljhYmx1ynYI3jzKy9C/aTsnZVP705LlWuYKg8HcAjH4ME5VOAWqlADAj14ghd4dbjz7Iyd92lpzpn17MMfOR8/7YeSDA==</latexit>

p < 0

New ground state density set by electron pressure
<latexit sha1_base64="W8rptt0wc8LCMs4xCCW0AycQOlg=">AAACD3icbVDLSsNAFJ34tr6qLt0Ei+CqJOJrUVB0oSupaFVoQ5hMb9qhk0mYuRFL6Ee41IVb/QNxI279BH/A73D6WNjqgQuHc+7lXE6QCK7Rcb6ssfGJyanpmdnc3PzC4lJ+eeVKx6liUGGxiNVNQDUILqGCHAXcJApoFAi4DlrHXf/6FpTmsbzEdgJeRBuSh5xRNJKfX5E+K8mS9GsId5idnVx0/HzBKTo92H+JOyCFg7eHLh7Lfv67Vo9ZGoFEJqjWVddJ0MuoQs4EdHK1VENCWYs2oGqopBFoL+v93rE3jFK3w1iZkWj31N8XGY20bkeB2YwoNvWo1xX/86ophvtexmWSIkjWDwpTYWNsd4uw61wBQ9E2hDLFza82a1JFGZq6hlICRVuAnZwpxh2t4S+52iq6u8Wd8+3C4RHpY4askXWySVyyRw7JKSmTCmHkjjyRZ/Ji3Vuv1rv10V8dswY3q2QI1ucP49ihRA==</latexit>nc < n < n NGS

<latexit sha1_base64="gFgJp1LjPPLKJ/YxWJjlsAZYdAU=">AAACIHicbZDLSgMxFIYzXmu9VV26CRbBVZkpxboRim5cSQV7gc44ZNJMG5pkhiQjlGEexY2v4saFIrrTpzFtR9DWHwIf/zmHk/MHMaNK2/antbS8srq2Xtgobm5t7+yW9vbbKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QSjy0m9c0+kopG41eOYeBwNBA0pRtpYfqkufHzuhhLh1CWxoiwSkPupG9Psrhr+QJbWXEUHHE0NeJ1lfqlsV+yp4CI4OZRBrqZf+nD7EU44ERozpFTPsWPtpUhqihnJim6iSIzwCA1Iz6BAnCgvnR6YwWPj9GEYSfOEhlP390SKuFJjHphOjvRQzdcm5n+1XqLDMy+lIk40EXi2KEwY1BGcpAX7VBKs2dgAwpKav0I8RCYtbTItmhCc+ZMXoV2tOKeV2k2t3LjI4yiAQ3AEToAD6qABrkATtAAGD+AJvIBX69F6tt6s91nrkpXPHIA/sr6+AUiCpEs=</latexit>

nc =
!m2

! f 2
!

4" ! N

3. White Dwarfs probe Light QCD Axions

<latexit sha1_base64="a4dY1SoJgQBTFw3OHxAbdwnnfVw=">AAACGnicbVC7SgNBFJ31bXxFLUUYDIIWhl3x1YiihVaiaKKQhGV2cqNDZmeXmbtiWLbyKxR/wFYrWzuxtfEH/A4niYWvA/dyOOde7swJYikMuu6709Pb1z8wODScGxkdG5/IT06VTZRoDiUeyUifBcyAFApKKFDCWayBhYGE06C52/ZPL0EbEakTbMVQC9m5Eg3BGVrJz8/GPiwoP60iXKHtQrXowd5xli0ulTddP19wi24H9C/xvkhh6+mmjdtDP/9RrUc8CUEhl8yYiufGWEuZRsElZLlqYiBmvMnOoWKpYiGYWtr5RkbnrVKnjUjbUkg76veNlIXGtMLAToYML8xvry3+51USbGzUUqHiBEHx7qFGIilGtJ0JrQsNHGXLEsa1sG+l/IJpxtEml/txJtCsCZjZYLzfMfwl5eWit1ZcPVopbO+QLobIDJkjC8Qj62Sb7JNDUiKcXJN78kAenTvn2XlxXrujPc7XzjT5AeftE5NBpUk=</latexit>

pe(nNGS ) ! V = 0
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<latexit sha1_base64="GI3wy1iKVT7HpfBJ2Pgn0aKcXNQ=">AAACBXicbVDLSsNAFJ34rPUVdamLYBHcWBIp6kYounFZwT6giWUyuWmHTiZhZiKUkI0bf8WNC0Xc+g/u/BunaRfaeuDC4Zx7Z+49fsKoVLb9bSwsLi2vrJbWyusbm1vb5s5uS8apINAkMYtFx8cSGOXQVFQx6CQCcOQzaPvD67HffgAhaczv1CgBL8J9TkNKsNJSzzxwizcyAUHuQiIpi/mlY99nJ46d98yKXbULWPPEmZIKmqLRM7/cICZpBFwRhqXsOnaivAwLRQmDvOymEhJMhrgPXU05jkB6WbFBbh1pJbDCWOjiyirU3xMZjqQcRb7ujLAayFlvLP7ndVMVXngZ5UmqgJPJR2HKLBVb40isgAogio00wURQvatFBlhgonRwZR2CM3vyPGmdVp2zau22VqlfTeMooX10iI6Rg85RHd2gBmoigh7RM3pFb8aT8WK8Gx+T1gVjOrOH/sD4/AEgnZhS</latexit>

! = 10! 10
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! "!!! #! !!! #" !!! $! !!! $" !!! %! !!! %" !!!
!&!

!&"

#&!

#&"

M—R Curve

3. White Dwarfs probe Light QCD Axions
<latexit sha1_base64="gFgJp1LjPPLKJ/YxWJjlsAZYdAU=">AAACIHicbZDLSgMxFIYzXmu9VV26CRbBVZkpxboRim5cSQV7gc44ZNJMG5pkhiQjlGEexY2v4saFIrrTpzFtR9DWHwIf/zmHk/MHMaNK2/antbS8srq2Xtgobm5t7+yW9vbbKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QSjy0m9c0+kopG41eOYeBwNBA0pRtpYfqkufHzuhhLh1CWxoiwSkPupG9Psrhr+QJbWXEUHHE0NeJ1lfqlsV+yp4CI4OZRBrqZf+nD7EU44ERozpFTPsWPtpUhqihnJim6iSIzwCA1Iz6BAnCgvnR6YwWPj9GEYSfOEhlP390SKuFJjHphOjvRQzdcm5n+1XqLDMy+lIk40EXi2KEwY1BGcpAX7VBKs2dgAwpKav0I8RCYtbTItmhCc+ZMXoV2tOKeV2k2t3LjI4yiAQ3AEToAD6qABrkATtAAGD+AJvIBX69F6tt6s91nrkpXPHIA/sr6+AUiCpEs=</latexit>

nc =
!m2

! f 2
!

4" ! N
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<latexit sha1_base64="GI3wy1iKVT7HpfBJ2Pgn0aKcXNQ=">AAACBXicbVDLSsNAFJ34rPUVdamLYBHcWBIp6kYounFZwT6giWUyuWmHTiZhZiKUkI0bf8WNC0Xc+g/u/BunaRfaeuDC4Zx7Z+49fsKoVLb9bSwsLi2vrJbWyusbm1vb5s5uS8apINAkMYtFx8cSGOXQVFQx6CQCcOQzaPvD67HffgAhaczv1CgBL8J9TkNKsNJSzzxwizcyAUHuQiIpi/mlY99nJ46d98yKXbULWPPEmZIKmqLRM7/cICZpBFwRhqXsOnaivAwLRQmDvOymEhJMhrgPXU05jkB6WbFBbh1pJbDCWOjiyirU3xMZjqQcRb7ujLAayFlvLP7ndVMVXngZ5UmqgJPJR2HKLBVb40isgAogio00wURQvatFBlhgonRwZR2CM3vyPGmdVp2zau22VqlfTeMooX10iI6Rg85RHd2gBmoigh7RM3pFb8aT8WK8Gx+T1gVjOrOH/sD4/AEgnZhS</latexit>

! = 10! 10
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! "!!! #! !!! #" !!! $! !!! $" !!! %! !!! %" !!!
!&!

!&"

#&!

#&"

meta-stable phase
<latexit sha1_base64="7WTnFSfUNauQTemHzG8ZGf9ueos=">AAAB8HicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEvC0Ei25cVrAXaUOYTCft0JlJmJkIJfQp3Kgo4tY38DXc+TZO2i60+sPAx/+fw5xzwoRRpV33yyrMzS8sLhWX7ZXVtfWN0uZWQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI81wcJnnzTsiFY3FjR4mxOeoJ2hEMdLGuhWBeyYCbNtBqexW3LGcv+BNoXz+8ZjrqRaUPjvdGKecCI0ZUqrtuYn2MyQ1xYyM7E6qSILwAPVI26BAnCg/Gw88cvaM03WiWJontDN2f3ZkiCs15KGp5Ej31WyWm/9l7VRHp35GRZJqIvDkoyhljo6dfHunSyXBmg0NICypmdXBfSQR1uZG+RG82ZX/QuOg4h1Xjq4Py9ULmKgIO7AL++DBCVThCmpQBwwc7uEZXixpPViv1tuktGBNe7bhl6z3b06Fk+o=</latexit>n0 < n c

3. White Dwarfs probe Light QCD Axions
<latexit sha1_base64="gFgJp1LjPPLKJ/YxWJjlsAZYdAU=">AAACIHicbZDLSgMxFIYzXmu9VV26CRbBVZkpxboRim5cSQV7gc44ZNJMG5pkhiQjlGEexY2v4saFIrrTpzFtR9DWHwIf/zmHk/MHMaNK2/antbS8srq2Xtgobm5t7+yW9vbbKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QSjy0m9c0+kopG41eOYeBwNBA0pRtpYfqkufHzuhhLh1CWxoiwSkPupG9Psrhr+QJbWXEUHHE0NeJ1lfqlsV+yp4CI4OZRBrqZf+nD7EU44ERozpFTPsWPtpUhqihnJim6iSIzwCA1Iz6BAnCgvnR6YwWPj9GEYSfOEhlP390SKuFJjHphOjvRQzdcm5n+1XqLDMy+lIk40EXi2KEwY1BGcpAX7VBKs2dgAwpKav0I8RCYtbTItmhCc+ZMXoV2tOKeV2k2t3LjI4yiAQ3AEToAD6qABrkATtAAGD+AJvIBX69F6tt6s91nrkpXPHIA/sr6+AUiCpEs=</latexit>

nc =
!m2

! f 2
!

4" ! N

M—R Curve
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<latexit sha1_base64="GI3wy1iKVT7HpfBJ2Pgn0aKcXNQ=">AAACBXicbVDLSsNAFJ34rPUVdamLYBHcWBIp6kYounFZwT6giWUyuWmHTiZhZiKUkI0bf8WNC0Xc+g/u/BunaRfaeuDC4Zx7Z+49fsKoVLb9bSwsLi2vrJbWyusbm1vb5s5uS8apINAkMYtFx8cSGOXQVFQx6CQCcOQzaPvD67HffgAhaczv1CgBL8J9TkNKsNJSzzxwizcyAUHuQiIpi/mlY99nJ46d98yKXbULWPPEmZIKmqLRM7/cICZpBFwRhqXsOnaivAwLRQmDvOymEhJMhrgPXU05jkB6WbFBbh1pJbDCWOjiyirU3xMZjqQcRb7ujLAayFlvLP7ndVMVXngZ5UmqgJPJR2HKLBVb40isgAogio00wURQvatFBlhgonRwZR2CM3vyPGmdVp2zau22VqlfTeMooX10iI6Rg85RHd2gBmoigh7RM3pFb8aT8WK8Gx+T1gVjOrOH/sD4/AEgnZhS</latexit>

! = 10! 10
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! "!!! #! !!! #" !!! $! !!! $" !!! %! !!! %" !!!
!&!

!&"

#&!

#&"

meta-stable phase
<latexit sha1_base64="7WTnFSfUNauQTemHzG8ZGf9ueos=">AAAB8HicbZDLSsNAFIZP6q3GW9Wlm2ARXJVEvC0Ei25cVrAXaUOYTCft0JlJmJkIJfQp3Kgo4tY38DXc+TZO2i60+sPAx/+fw5xzwoRRpV33yyrMzS8sLhWX7ZXVtfWN0uZWQ8WpxKSOYxbLVogUYVSQuqaakVYiCeIhI81wcJnnzTsiFY3FjR4mxOeoJ2hEMdLGuhWBeyYCbNtBqexW3LGcv+BNoXz+8ZjrqRaUPjvdGKecCI0ZUqrtuYn2MyQ1xYyM7E6qSILwAPVI26BAnCg/Gw88cvaM03WiWJontDN2f3ZkiCs15KGp5Ej31WyWm/9l7VRHp35GRZJqIvDkoyhljo6dfHunSyXBmg0NICypmdXBfSQR1uZG+RG82ZX/QuOg4h1Xjq4Py9ULmKgIO7AL++DBCVThCmpQBwwc7uEZXixpPViv1tuktGBNe7bhl6z3b06Fk+o=</latexit>n0 < n c

<latexit sha1_base64="7eQzaTrBM7JQMO1Y4owva9xZvbs=">AAACGnicbVC7SgNBFJ31bXxFLUUYDIJV2BVfnaKFVqJoTCAJy+zkJg6ZnV1n7oph2cqvUPwBW61s7cTWxh/wO5wkFr4O3MvhnHu5MyeIpTDouu/OwODQ8Mjo2HhuYnJqeiY/O3dmokRzKPFIRroSMANSKCihQAmVWAMLAwnloL3X9cuXoI2I1Cl2YqiHrKVEU3CGVvLzi8p3ay24oMpPawhXaLtQnfRw/yTLMj9fcItuD/Qv8b5IYfvppovbIz//UWtEPAlBIZfMmKrnxlhPmUbBJWS5WmIgZrzNWlC1VLEQTD3tfSOjy1Zp0GakbSmkPfX7RspCYzphYCdDhufmt9cV//OqCTa36qlQcYKgeP9QM5EUI9rNhDaEBo6yYwnjWti3Un7ONONok/txJdCsDZjlbDDe7xj+krPVordRXD9eK+zskj7GyAJZIivEI5tkhxyQI1IinFyTe/JAHp0759l5cV77owPO1848+QHn7RNY4KZi</latexit>

n0 ! nNGS

new ground state

3. White Dwarfs probe Light QCD Axions
<latexit sha1_base64="gFgJp1LjPPLKJ/YxWJjlsAZYdAU=">AAACIHicbZDLSgMxFIYzXmu9VV26CRbBVZkpxboRim5cSQV7gc44ZNJMG5pkhiQjlGEexY2v4saFIrrTpzFtR9DWHwIf/zmHk/MHMaNK2/antbS8srq2Xtgobm5t7+yW9vbbKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QSjy0m9c0+kopG41eOYeBwNBA0pRtpYfqkufHzuhhLh1CWxoiwSkPupG9Psrhr+QJbWXEUHHE0NeJ1lfqlsV+yp4CI4OZRBrqZf+nD7EU44ERozpFTPsWPtpUhqihnJim6iSIzwCA1Iz6BAnCgvnR6YwWPj9GEYSfOEhlP390SKuFJjHphOjvRQzdcm5n+1XqLDMy+lIk40EXi2KEwY1BGcpAX7VBKs2dgAwpKav0I8RCYtbTItmhCc+ZMXoV2tOKeV2k2t3LjI4yiAQ3AEToAD6qABrkATtAAGD+AJvIBX69F6tt6s91nrkpXPHIA/sr6+AUiCpEs=</latexit>

nc =
!m2

! f 2
!

4" ! N

M—R Curve

17



<latexit sha1_base64="GI3wy1iKVT7HpfBJ2Pgn0aKcXNQ=">AAACBXicbVDLSsNAFJ34rPUVdamLYBHcWBIp6kYounFZwT6giWUyuWmHTiZhZiKUkI0bf8WNC0Xc+g/u/BunaRfaeuDC4Zx7Z+49fsKoVLb9bSwsLi2vrJbWyusbm1vb5s5uS8apINAkMYtFx8cSGOXQVFQx6CQCcOQzaPvD67HffgAhaczv1CgBL8J9TkNKsNJSzzxwizcyAUHuQiIpi/mlY99nJ46d98yKXbULWPPEmZIKmqLRM7/cICZpBFwRhqXsOnaivAwLRQmDvOymEhJMhrgPXU05jkB6WbFBbh1pJbDCWOjiyirU3xMZjqQcRb7ujLAayFlvLP7ndVMVXngZ5UmqgJPJR2HKLBVb40isgAogio00wURQvatFBlhgonRwZR2CM3vyPGmdVp2zau22VqlfTeMooX10iI6Rg85RHd2gBmoigh7RM3pFb8aT8WK8Gx+T1gVjOrOH/sD4/AEgnZhS</latexit>
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3. White Dwarfs probe Light QCD Axions

M—R Curve
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Parameter space
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Conclusions

• Light scalars can stiffen the EOS of NSs, prediction of absolutely
stable state of matter

• White dwarfs probe light QCD axion models, constrain unexplored
parameter space

Outlook

• Finite Temperature, electron couplings, phenomenology of SBO, dynamics…
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