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Could new physics make neutron stars heavier?

Could these be fat zombies in the stellar graveyard?



A SIMPLE EXAMPLE
Consider non-interacting Fermi gas of neutrons
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A SIMPLE EXAMPLE
Consider non-interacting Fermi gas of neutrons

… but what if neutrons where lighter?
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So why is that? At fixed energy density need more neutrons ε0 = m ρ



BASIC IDEA
Take axion like particle
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Note, this is not the derivative coupling to neutrons

∂µaN̄γµγ5N
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1) At finite densities the potential is
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1) At high densities 
This has 2 effects

φ = 0
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not optimal…



the field
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But this is only one way!
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star Scalar Axion 

condensation
a.k.a axion sourcing 
          bubble formation

QCD axion: 
Balkin, Serra, KS, Weiler  

JHEP 07 (2020) 221 



Neutron 
star Scalar

This talk!

Balkin, Serra, Stelzl, KS, Weiler 22xx.xxxx

The ALP comes with a lot of energy and couples to neutrons

Axion 
condensation

a.k.a axion sourcing 
          bubble formation

BASIC IDEA

QCD axion: 
Balkin, Serra, KS, Weiler  

JHEP 07 (2020) 221 



BASIC IDEA
This has 2 effects

2) We can write our operator 
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as an effective neutron mass m∗
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What happens to the neutron star in this phase?
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ALP-FERMION-GRAVITY SYSTEM
Consider one Fermion , gravity and the ALP

ALP neutron interaction ALP self-interaction

Outside the dense object 
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ALP neutron interaction ALP self-interaction
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ALP-FERMION-GRAVITY SYSTEM
Minimising the action

coupled system

can be solved numerically, very technical

Luckily, there is a simplifying limit!

fermion, gravity, scalar



ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT
Assume scale hierarchy

Scale of the system Scale of 
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ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT
Assume scale hierarchy
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<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>�

<latexit sha1_base64="qcelrtuscQUAVJSBytDfkscbe+k="></latexit>

"pot ' g mN ⇢� 2⇤4

Can forget about the scalar gradient:

This is very nice because now the system is effectively decoupled!

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

�0(r) = 0



ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT
Assume scale hierarchy

∆R =
f

√
εpot

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>�

<latexit sha1_base64="qcelrtuscQUAVJSBytDfkscbe+k="></latexit>

"pot ' g mN ⇢� 2⇤4

Can forget about the scalar gradient:
<latexit sha1_base64="0l2ScNTSgdw5CyBCexPf4RQsfSw=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaxXsquFPUiFL14rGA/sF1KNs22odlsSLJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvEBypo3rfju5ldW19Y38ZmFre2d3r7h/0NRxoghtkJjHqh1gTTkTtGGY4bQtFcVRwGkrGN1O/dYTVZrF4sGMJfUjPBAsZAQbKz125ZCdltXZtdsrltyKOwNaJl5GSpCh3it+dfsxSSIqDOFY647nSuOnWBlGOJ0UuommEpMRHtCOpQJHVPvp7OIJOrFKH4WxsiUMmqm/J1IcaT2OAtsZYTPUi95U/M/rJCa88lMmZGKoIPNFYcKRidH0fdRnihLDx5Zgopi9FZEhVpgYG1LBhuAtvrxMmucV76JSva+WajdZHHk4gmMogweXUIM7qEMDCAh4hld4c7Tz4rw7H/PWnJPNHMIfOJ8/CQ+P2w==</latexit>

�0(r) = 0

The opposite limit: prevents sourcing in nuclei



EQUATION OF STATE

minimising the potential energy ∂ε

∂φ
= 0

ε(ρ,φ) = εN (ρ,φ) + V (φ)

p(ρ,φ) = pN (ρ,φ)− V (φ)



EQUATION OF STATE

minimising the potential energy 

φ(ρ)

∂ε

∂φ
= 0

ε(ρ,φ) = εN (ρ,φ) + V (φ)

p(ρ,φ) = pN (ρ,φ)− V (φ)



EQUATION OF STATE

minimising the potential energy 
ε(ρ,φ) = εN (ρ,φ) + V (φ)

p(ρ,φ) = pN (ρ,φ)− V (φ)

φ(ρ)

ε(ρ), p(ρ) ⇒ p(ε) equation of state

∂ε

∂φ
= 0



EQUATION OF STATE

minimising the potential energy 

φ(ρ)

ε(ρ), p(ρ) ⇒ p(ε)

plug into textbook TOV equations

equation of state

∂ε

∂φ
= 0

ε(ρ,φ) = εN (ρ,φ) + V (φ)

p(ρ,φ) = pN (ρ,φ)− V (φ)



EQUATION OF STATE
What kind of EOS do we get? There are 2 competing effects

1) Mass reduction m∗
N < mN stiffens the EOS

<latexit sha1_base64="2vhksl9VWSqjXyfWbIpBrKRUd/M="></latexit>

) Mmax ⇠ 0.7
⇣mN

m

⌘2
M�

ε = const. = m∗
Nρ



EQUATION OF STATE
What kind of EOS do we get? There are 2 competing effects

1) Mass reduction m∗
N < mN stiffens the EOS

<latexit sha1_base64="2vhksl9VWSqjXyfWbIpBrKRUd/M="></latexit>

) Mmax ⇠ 0.7
⇣mN

m

⌘2
M�

ε = const. = m∗
Nρ

2) Vacuum energy softens the EOSV (π) = 2Λ4 additional energy density gravitates



ENERGY PER PARTICLE
Difference between NGS and CE region

θ = π

θ = π

θ = 0

mNρ

New ground state:  

ε/ρ < mN for some ρ

• At lower densities, energy density dominated by               

• Can even reach less energy per particle as well 
separated ordinary neutrons!

{Λ1, g}

• Nucleons want to be at finite density!

p = ρ2
∂(ε/ρ)

∂ρ



ENERGY PER PARTICLE
Difference between NGS and CE region

θ = π

θ = π

θ = 0

mNρ

New ground state:  

ε/ρ < mN for some ρ

Coexistence:

ε/ρ > mN for all ρ

• At lower densities, energy density dominated by               

• Can even reach less energy per particle as well 
separated ordinary neutrons!

• At higher densities, mass contributes less to the total 
energy density    

{Λ1, g}

{Λ2, g}

• Nucleons want to be at finite density!

p = ρ2
∂(ε/ρ)

∂ρ



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

V (�) = �⇤4 (cos (�/f)� 1)

m∗
N (φ) = mN

[
1 +

g

2
(cos(φ/f)− 1)

]

ALP Neutron coupling

A
L
P

se
lf
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on



ALP Neutron coupling
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ALP PARAMETER SPACE: COEXISTENCE
<latexit sha1_base64="dDW6jIzsL3vtUY0wZ9GSin7BvPw=">AAACIXicbZDLSsNAFIYnXmu9RV26CRahXbQmUrQboejGhYsK9gJNLJPJpB06uTBzIpTQV3Hjq7hxoUh34ss4bbPQ1gMDH/9/DmfO78acSTDNL21ldW19YzO3ld/e2d3b1w8OWzJKBKFNEvFIdFwsKWchbQIDTjuxoDhwOW27w5up336iQrIofIBRTJ0A90PmM4JBST291ira8YCVrsr2nZry8GPV5tSHok0imZHyz3xbsP4ASmUrg55eMCvmrIxlsDIooKwaPX1iexFJAhoC4VjKrmXG4KRYACOcjvN2ImmMyRD3aVdhiAMqnXR24dg4VYpn+JFQLwRjpv6eSHEg5ShwVWeAYSAXvan4n9dNwK85KQvjBGhI5ov8hBsQGdO4DI8JSoCPFGAimPqrQQZYYAIq1LwKwVo8eRla5xXrolK9rxbq11kcOXSMTlARWegS1dEtaqAmIugZvaJ39KG9aG/apzaZt65o2cwR+lPa9w+aUKKW</latexit>

V (�) = �⇤4 (cos (�/f)� 1)

Hybrid stars

Mmax ≲ 1 M⊙  θin

θ0

φ = θf

m∗
N (φ) = mN

[
1 +

g

2
(cos(φ/f)− 1)

]

Softens EOSs!



ALP Neutron coupling
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ALP PARAMETER SPACE: FAT ZOMBIES
<latexit sha1_base64="dDW6jIzsL3vtUY0wZ9GSin7BvPw=">AAACIXicbZDLSsNAFIYnXmu9RV26CRahXbQmUrQboejGhYsK9gJNLJPJpB06uTBzIpTQV3Hjq7hxoUh34ss4bbPQ1gMDH/9/DmfO78acSTDNL21ldW19YzO3ld/e2d3b1w8OWzJKBKFNEvFIdFwsKWchbQIDTjuxoDhwOW27w5up336iQrIofIBRTJ0A90PmM4JBST291ira8YCVrsr2nZry8GPV5tSHok0imZHyz3xbsP4ASmUrg55eMCvmrIxlsDIooKwaPX1iexFJAhoC4VjKrmXG4KRYACOcjvN2ImmMyRD3aVdhiAMqnXR24dg4VYpn+JFQLwRjpv6eSHEg5ShwVWeAYSAXvan4n9dNwK85KQvjBGhI5ov8hBsQGdO4DI8JSoCPFGAimPqrQQZYYAIq1LwKwVo8eRla5xXrolK9rxbq11kcOXSMTlARWegS1dEtaqAmIugZvaJ39KG9aG/apzaZt65o2cwR+lPa9w+aUKKW</latexit>

V (�) = �⇤4 (cos (�/f)� 1)

New ground state

max[Mmax] ≫ M⊙ θin

EOS is stiffer!

φ = θf

m∗
N (φ) = mN

[
1 +

g

2
(cos(φ/f)− 1)

]



NGS PHASE: FAT ZOMBIES New ground state

max[Mmax] ≫ M⊙ θin

EOS is stiffer!

0 50 100 150 200
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14

Λ = 5MeV, g = 0.75

This is a huge effect

NGS for

Mmax ! 11.2M!

Rmax ! 160 km



NGS PHASE: FAT ZOMBIES New ground state

max[Mmax] ≫ M⊙ θin

EOS (can be) stiffer!

5 10 50 100
10-4

0.001

0.010

0.100

1

10

Also interesting on a log plot



NGS PHASE: FAT ZOMBIES

Self bound objects

M ! εNGSR3

Minimal size given by gradient

Rmin ! f

Λ2

New ground state

max[Mmax] ≫ M⊙ θin

EOS (can be) stiffer!

5 10 50 100
10-4

0.001

0.010

0.100

1

10

Also interesting on a log plot

Field has to fit inside R3



GLOBAL VIEW



GLOBAL VIEW

Pure fermi gas with 
reduced mass


 



GLOBAL VIEW

Disfavoured

Pure fermi gas with 
reduced mass


 



GLOBAL VIEW

Where the fat 
zombies live

O(10) Effects

Disfavoured

Pure fermi gas with 
reduced mass
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SUMMARY AND OUTLOOK
• Coupling to a light scalar 

‣Hybrid stars: disfavored by massive NSs .


‣A new ground state:  effects on star properties. 

• Finite gradient energy: new phase not accessible in small systems  
 does not mess with nuclear physics 
 evade potential constraints, e.g 5th force, Rhoades and Raffini bound 

• More to do: 


• Phenomenology of macroscopic-sized self-bound objects


• Formation?

𝒪(10)

→
→



BACKUP



MOTIVATION
Observation of very massive neutron stars: <latexit sha1_base64="6vrqI7F6xdUXyFdDLKcqXbUjow8=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuCozpagrKbpxo1S0D2hLyaRpG5pJhuSOWIZx46+4caGIW//CnX9jpu1CWw9cODnnXnLv8UPONLjut5VZWFxaXsmu5tbWNza37O2dmpaRIrRKJJeq4WNNORO0Cgw4bYSK4sDntO4PL1K/fk+VZlLcwSik7QD3BesxgsFIHXvvqhO3gD5AfH2bJGfF9Cm7EpKOnXcL7hjOPPGmJI+mqHTsr1ZXkiigAgjHWjc9N4R2jBUwwmmSa0WahpgMcZ82DRU4oLodjy9InEOjdJ2eVKYEOGP190SMA61HgW86AwwDPeul4n9eM4LeaTtmIoyACjL5qBdxB6STxuF0maIE+MgQTBQzuzpkgBUmYELLmRC82ZPnSa1Y8I4LpZtSvnw+jSOL9tEBOkIeOkFldIkqqIoIekTP6BW9WU/Wi/VufUxaM9Z0Zhf9gfX5A9fzlyg=</latexit>

MNS > 2M�

e.g. binary system PSR J0348+0432: Pulsar + 
Red Giant



MOTIVATION

Hard to explain with Standard Model physics

Figure created by Norbert Wex

Observation of very massive neutron stars: <latexit sha1_base64="6vrqI7F6xdUXyFdDLKcqXbUjow8=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuCozpagrKbpxo1S0D2hLyaRpG5pJhuSOWIZx46+4caGIW//CnX9jpu1CWw9cODnnXnLv8UPONLjut5VZWFxaXsmu5tbWNza37O2dmpaRIrRKJJeq4WNNORO0Cgw4bYSK4sDntO4PL1K/fk+VZlLcwSik7QD3BesxgsFIHXvvqhO3gD5AfH2bJGfF9Cm7EpKOnXcL7hjOPPGmJI+mqHTsr1ZXkiigAgjHWjc9N4R2jBUwwmmSa0WahpgMcZ82DRU4oLodjy9InEOjdJ2eVKYEOGP190SMA61HgW86AwwDPeul4n9eM4LeaTtmIoyACjL5qBdxB6STxuF0maIE+MgQTBQzuzpkgBUmYELLmRC82ZPnSa1Y8I4LpZtSvnw+jSOL9tEBOkIeOkFldIkqqIoIekTP6BW9WU/Wi/VufUxaM9Z0Zhf9gfX5A9fzlyg=</latexit>

MNS > 2M�



MOTIVATION

• SM not well understood at high densities
<latexit sha1_base64="3gqvm1xgSE1BSNfGtTlMpIvNKwo=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4qGWmFnUjFN24rGAf0Kklk2ba0GRmTO6IZeh3uPFX3LhQxJ248W9MHwttPXDh5Jx7yb3HiwTXYNvfVmphcWl5Jb2aWVvf2NzKbu/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9y5Ffv2dK8zC4gUHEWpJ0A+5zSsBI7azjdsG4Ehdd1Qvbdt69i0kHTx7ndsE5cfMusAdIfDm8TY6Oh+1szi7YY+B54kxJDk1RaWc/3U5IY8kCoIJo3XTsCFoJUcCpYMOMG2sWEdonXdY0NCCS6VYyPm2ID4zSwX6oTAWAx+rviYRIrQfSM52SQE/PeiPxP68Zg3/WSngQxcACOvnIjwWGEI9ywh2uGAUxMIRQxc2umPaIIhRMmhkTgjN78jypFU1+hdJ1KVe+mMaRRntoHx0iB52iMrpCFVRFFD2iZ/SK3qwn68V6tz4mrSlrOrOL/sD6+gFGjp/J</latexit>

& 2⇢0, ⇢0 = 0.16 fm�3

• Complicated: non perurbative 
nature of QCD, meson 
condensation, hyperons,.. 

• Neutron degeneracy pressure vs gravity

<latexit sha1_base64="iqukcBs4PJLsJboz91RtyJWrTu0=">AAACFXicbVDLSgNBEJyNrxhfqx69DAbBQwi7EtRj0IvHGMwDsiHMTibJkJndZaZXE5b9CS/+ihcPingVvPk3Th4HTSxoKKq66e7yI8E1OM63lVlZXVvfyG7mtrZ3dvfs/YO6DmNFWY2GIlRNn2gmeMBqwEGwZqQYkb5gDX94PfEb90xpHgZ3MI5YW5J+wHucEjBSxy54Vd4fAFEqfMDVTuIBG0EiyShNPc0ldh2vMNOGMu3YeafoTIGXiTsneTRHpWN/ed2QxpIFQAXRuuU6EbQTooBTwdKcF2sWETokfdYyNCCS6XYy/SrFJ0bp4l6oTAWAp+rviYRIrcfSN52SwEAvehPxP68VQ++ynfAgioEFdLaoFwsMIZ5EhLtcMQpibAihiptbMR0QRSiYIHMmBHfx5WVSPyu658XSbSlfvprHkUVH6BidIhddoDK6QRVUQxQ9omf0it6sJ+vFerc+Zq0Zaz5ziP7A+vwBlWWfuA==</latexit>

) Rmax ⇠ 10 km

<latexit sha1_base64="G1SDXZxuiotKmOE4/uUYaMUtK54=">AAACGHicbVBNSwMxEM3Wr1q/qh69BIugIHVXRD0WvXgRq1hb6JaSTdM2mGyWZFZblv0ZXvwrXjwo4rU3/43px0GrDwYe780wMy+IBDfgul9OZmZ2bn4hu5hbWl5ZXcuvb9wZFWvKKlQJpWsBMUzwkFWAg2C1SDMiA8Gqwf350K8+MG24Cm+hH7GGJJ2QtzklYKVm/sC/4Z0uEK3VI75sJj6wHiSS9NLUN1ziq11vz98fOaqlIG3mC27RHQH/Jd6EFNAE5WZ+4LcUjSULgQpiTN1zI2gkRAOngqU5PzYsIvSedFjd0pBIZhrJ6LEU71ilhdtK2woBj9SfEwmRxvRlYDslga6Z9obif149hvZpI+FhFAML6XhROxYYFB6mhFtcMwqibwmhmttbMe0STSjYLHM2BG/65b/k7rDoHRePro8KpbNJHFm0hbbRLvLQCSqhC1RGFUTRE3pBb+jdeXZenQ/nc9yacSYzm+gXnME3qpqgJg==</latexit>

) Mmax ⇠ O(1)M�

Hard to explain with Standard Model physics

Observation of very massive neutron stars: <latexit sha1_base64="6vrqI7F6xdUXyFdDLKcqXbUjow8=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuCozpagrKbpxo1S0D2hLyaRpG5pJhuSOWIZx46+4caGIW//CnX9jpu1CWw9cODnnXnLv8UPONLjut5VZWFxaXsmu5tbWNza37O2dmpaRIrRKJJeq4WNNORO0Cgw4bYSK4sDntO4PL1K/fk+VZlLcwSik7QD3BesxgsFIHXvvqhO3gD5AfH2bJGfF9Cm7EpKOnXcL7hjOPPGmJI+mqHTsr1ZXkiigAgjHWjc9N4R2jBUwwmmSa0WahpgMcZ82DRU4oLodjy9InEOjdJ2eVKYEOGP190SMA61HgW86AwwDPeul4n9eM4LeaTtmIoyACjL5qBdxB6STxuF0maIE+MgQTBQzuzpkgBUmYELLmRC82ZPnSa1Y8I4LpZtSvnw+jSOL9tEBOkIeOkFldIkqqIoIekTP6BW9WU/Wi/VufUxaM9Z0Zhf9gfX5A9fzlyg=</latexit>

MNS > 2M�

Figure created by Norbert Wex



MOTIVATION

Adding SM degrees of freedom softens equation of state: Leads to 
lighter neutron stars , e.g. hyperon puzzle, quark stars…

PRL 114, 092301 

Observation of very massive neutron stars: <latexit sha1_base64="6vrqI7F6xdUXyFdDLKcqXbUjow8=">AAACAXicbVDLSgMxFM3UV62vUTeCm8EiuCozpagrKbpxo1S0D2hLyaRpG5pJhuSOWIZx46+4caGIW//CnX9jpu1CWw9cODnnXnLv8UPONLjut5VZWFxaXsmu5tbWNza37O2dmpaRIrRKJJeq4WNNORO0Cgw4bYSK4sDntO4PL1K/fk+VZlLcwSik7QD3BesxgsFIHXvvqhO3gD5AfH2bJGfF9Cm7EpKOnXcL7hjOPPGmJI+mqHTsr1ZXkiigAgjHWjc9N4R2jBUwwmmSa0WahpgMcZ82DRU4oLodjy9InEOjdJ2eVKYEOGP190SMA61HgW86AwwDPeul4n9eM4LeaTtmIoyACjL5qBdxB6STxuF0maIE+MgQTBQzuzpkgBUmYELLmRC82ZPnSa1Y8I4LpZtSvnw+jSOL9tEBOkIeOkFldIkqqIoIekTP6BW9WU/Wi/VufUxaM9Z0Zhf9gfX5A9fzlyg=</latexit>

MNS > 2M�
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Scalar field condensation: the axion get’s a vev

BASIC IDEA

New features of 
NSs

QCD axion: 
Balkin, Serra, KS, Weiler  

JHEP 07 (2020) 221 



But why don’t we measure much lighter neutron masses in the lab?

Nuclei are very dense but tiny!

φ has to change within which requires small values fR ∼ 1 fm

We do not mess with nuclear physics on earth

∆R =
f

√
εpot

" R

ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT



ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT
At finite density: 

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

� is displaced from its vacuum value
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ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT
At finite density: 

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

� is displaced from its vacuum value
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This costs energy! εgrad ! f2

∆R2
“Kinetic energy”



ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT
At finite density: 

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

� is displaced from its vacuum value

… which has to be balanced by the gain in potential energy
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This costs energy! εgrad ! f2

∆R2

εpot ! g mN ρ− 2Λ4

“Kinetic energy”



ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT
At finite density: 

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

� is displaced from its vacuum value
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This costs energy! εgrad ! f2

∆R2

εpot ! g mN ρ− 2Λ4

∆R =
f

√
εpot

… which has to be balanced by the gain in potential energy

“Kinetic energy”

Typical scale of φ



ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT
At finite density: 

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

� is displaced from its vacuum value
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This costs energy! “Kinetic energy”εgrad ! f2

∆R2

Consider system large system R ! ∆R

… which has to be balanced by the gain in potential energy

εpot ! g mN ρ− 2Λ4



ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT
Corresponds to systems much larger than the typical scale of  

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

�

E(R) ! R2∆R

(
f

∆R

)2

+R3εpot ! R3εpot



ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT

Can forget about the scalar gradient

Corresponds to systems much larger than the typical scale of  
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

This is very nice because now the system is effectively decoupled!

E(R) ! R2∆R

(
f

∆R

)2

+R3εpot ! R3εpot



ALP-FERMION-GRAVITY SYSTEM: ZERO GRADIENT LIMIT

This is very nice because now the system is effectively decoupled!

Pressure - Gravity balance equations

Can forget about the scalar gradient

Corresponds to systems much larger than the typical scale of  
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

Equation of state+ Neutron Fermi gas
∂ε

∂φ
= 0

(Also known as TOV equations)

E(R) ! R2∆R

(
f

∆R

)2

+R3εpot ! R3εpot



BACKUP

The full coupled system
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Sound speed squared for neutron star EOS with lighter masses



COEXISTENCE PHASE: COEXISTENCE

1st order phase transition:

• Generically softens EOSs
e.g. Kaon condensation

• Clearly disfavoured 
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NGS PHASE: FAT ZOMBIES

Gravity becomes important

New ground state

max[Mmax] ≫ M⊙ θin

EOS (can be) stiffer!
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Also interesting on a log plot


