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Why Axions?

Solves Strong CP Problem

Can be DM

String Theory



Plan

1. Heavy Neutron Stars form Light Scalars

T arXiv:2307.1441and JHEP 07 (2020) 221

2. White Dwarfs probe Light QCD Axions

arXiv:2211.02661



https://arxiv.org/abs/2211.02661v1
https://arxiv.org/abs/2307.14418v1
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Simple Idea

Consider free Fermi gas of neutrons
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Imagine lighter neutrons:m,, /2 = M, ~ 3Mg

max

Mass reduction sti! ens the EOS!



Can a BSM scalar to achieve this?
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Axion Like Particle

V(1)
 ALP potential

V(I)=11%os(/f)! 1) V(0)=0
$%0
 Non-derivative coupling to nucleons
Oy = ! 9”2‘N [cos( /f )! 1]MN 1>g> 0
* ALP-dependent nucleon mass >
_ - ..
my (1) = my 1+g cos = ! 1 my (0) = 939 MeV
. . . | S IN 0.05
Not something crazy! For vanilla QCD axion: 9° UC

mpy
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Axion Like Particle at Finite Density

Consider finite nucleon background '™®N"#! N N"$ n

* Potential gets correction

- - -

_ amy !
V(=1 14 n cos — ! 1
) 2 f
21 4
* Leads to a phase transitionat n>n !
gmn
V() 4
> |
ALP is minimized at !' " = "f and effective nucleon mass is reduced

my(Pf)=my(@! g) 4



Why not here on earth?
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Why not here on earth?

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

AV |4
n<n, (¢)\ (¢) n:lc
| X \ /.,

Field theory potential energy contains gradient term!

B T AVO NS COLERY0

Resists change in proble !

(Ostring does not want to be bendO)




Why not here on earth?
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Why not here on earth?

Condition for non-trivial pro Ple:

| 4]

Potential gainE gmy N

E outweighs gradient energy price (" " )2 | f2fr?

o ,
[ critical > 1/mM |!nS|de eg. T 10 GeV
[criticar | 0.2CM

Objects must be large enough. No e! ects in particle
physics experiments.



Free Fermi Gas of Neutrons with Axion
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Free Fermi Gas of Neutrons with Axion

o
Lo = "G B(ieh, Dy " mi ()1 + g (S8 V()
58 48
Minimizing the action == =0

J 69 00
o[- M) 2 - M angrr e -] = O 40P = UG coupled system
o ey o [, 26N @0 2]y Einstein equations and axion EOM
M’ = 4mr? [a+%(1—2G—M) (¢)]



Free Fermi Gas of Neutrons with Axion

Le = G 9", 0Dy mi(#) 1 + 2SS T V() |

58 65

Minimizing the action = — =0
g 50m 00
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ey ) [\ 26M) e (L @ 2]y Einstein equations and axion EOM
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can be solved numerically, very technical
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Negligible Gradient Limit

Scale hierarchy

Scale of the system I Scale of !

R | I, Iom; b1

QA | | gmyn" 2! 4

Limit of a thin wall bubble

@ String Bending
- Gradient energy becomes negligible: Made Easy

And In Tune

1'(r)=0

 The system effectively decouples: Solve for EOS

—> Solve pressure gravity equations 8



Equation of state
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Equation of state

" I(n,")=In(n,")+ V(")

!'? =0 minimising the potential energy o(n, 1) = py(n, 1)1 V(1)

AV, I'my (")

!T+n K =0 —> l(n)




Equation of state

B (n,") = I (n,")+ V()

!'? =0 minimising the potential energy o(n, 1) = py(n, 1)1 V(1)

e

! =0 — I (Nn)

1 (n), p(n) equation of state



Equation of state

What kind of EOS?
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Equation of state

What kind of EOS? There are competing effects

1) Mass reduction My (1! g) stiffens the EOS

1 M3

My | ——
(1" g)? m§

2) Vacuum energy V(! ) = 2! % softens the EOS

Hn,")=In(n,")+ V(")
p(n,1)=pn(n, 1)1 V()

10



Equation of state

Neutron star equation of state

[

10



Equation of state

— Stable ----- Unstable

21 4
[ gmy
11
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Equation of state

—— Stable

Unstable

Hybrid stars

EOS is softer!

e

[




Coexistence Phase: MR Curve

1st order phase transition:

" Generically softens EOSs
e.g. Kaon condensation

" Disfavoured

12



Equation of state

Neutron star equation of state: new ground state of matter

— Stable ----- Unstable
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Equation of state

Neutron star equation of state: new ground state of matter

P(Nwes )! V=0 — Stable ----- Unstable

21 4
¢ M\Gs Ne -
[ gmn
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Equation of state

Neutron star equation of state: new ground state of matter

New ground state!
- max[M ' M.

EOS (can be) sti! er!

— ﬁ <My
n NNGS
PNs )! V=0  —— Stable ----- Unstable
‘ | 21 4
Ne Nyes Ne =
[ gmn



New Ground State: MR Curve

NGS for !'=5MeV , g=0.75

This can be a large effect

Rmax ! 160 km
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New Ground State: MR Curve

l=5MeV , g=0.75

Self bound objects b
M | INGSR3

o _ g #% "t
Minimal size —~
f z I

Rmin ! |—2 2 #%#"'g#

Field has to fit inside st
R3 -
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Parameterspace
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Parameter Space
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Plan

2. White Dwarfs probe Light QCD Axions
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https://arxiv.org/abs/2211.02661v1

3. White Dwarfs probe Light QCD Axions

What is a White Dwarf?

Pressure from degenerate electron gas

PF
Mass from non-relativistic nuclei
M3 11
Mass MWD ! —5 M!
my
Radius R, | —P_ " 10fkm
mN me

Much less dense ! wo /' ns | (Me/M )3 " 10 ? much better understood

16



3. White Dwarfs probe Light QCD Axions

Light QCD Axions: map from previous model

o
V()= 11%¢cos(/f)! 1) O!N:gr;NN’N cos -
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3. White Dwarfs probe Light QCD Axions

Light QCD Axions: map from previous model

o
V()= 11%¢cos(/f)! 1) O!N:gr;NI\@N cos -

2f 2
4 _ 2¢ 2 L 2N 6 0E _!'mpt,

In WDs, only the new ground state is accessible

New ground state density set by electron pressure  Pe(Nnes ) ! V =0
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3. White Dwarfs probe Light QCD Axions

Light QCD Axions: map from previous model
_ gmy |

V(I)=11%Ccos(/f)! 1) Oin = > MN cos 3
2§ 2
4 _ 22 L HIN 505 _ Imff,

In WDs, only the new ground state is accessible
New ground state density set by electron pressure Pe(Nyes ) ! V =0

There exists a range of densities N <N <N ngs with p<(

and no stable configuration:

! Translates to gap in the MR Curve!\
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3. White Dwarfs probe Light QCD Axions

M—R Curve Imé2f 2

#&'

1&!

! "I #1111 # $111 $" 1 %! 111 %" 11
RWD [km]

17



3. White Dwarfs probe Light QCD Axions

M—R Curve
Nc
T | =10' 10
3 #&!
=
- meta-stable phase
5 No < Ng¢
1&" -

1&!

! "I #1111 # $111 $" 1 %! 111 %" 11
RWD [km]

Iméef ?
4"! N




3. White Dwarfs probe Light QCD Axions
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3. White Dwarfs probe Light QCD Axions

M—R Curve
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3. White Dwarfs probe Light QCD Axions

Parameter space
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3. White Dwarfs probe Light QCD Axions

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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Outlook

 Light scalars can stiffen the EOS of NSs, prediction of absolutely
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* Finite Temperature, electron couplings, phenomenology of SBO, dynamics...



