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Plan

Part O: Neutron stars and white dwarfs simplified

Part I: White dwarfs as a probe of light QCD axions

Part II: Heavy neutron stars from light scalars

Conclusion and Outlook



A
-
- “ e
o - ':\

-

»

Ed

Neutron stars:

4

-~

how mass

ive?

ig?

9

’

how b

»

3



Back of the envelope approach
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Neutron stars simplified

b Fermi ™~ B Gravity

—

E Fermi / N =m N (nucleon mass)
I3 3 G Mys Mg N*m35,
Gravity — ~ 5 ~ ;
2 RN S Mplanck RN S M planck RN S

Witk N ~ Ryg - n ~ Rygmy



Neutron stars simplified

E Fermi ~ E Gravity

———

EFermi / N =m N (nucleon mass)
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Neutron star estimate
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' Rng ~ (few) km  Myg ~ (few)10°° kg ~ M,

Mass of the sun within a few km!

Planck scale MPlaan ~ 1019 Ge\/

nucleon mass MN ~ 1 GeV



Neutron star estimate

Rng ~ (few) km  Myg ~ (few)10°° kg ~ M,

Mass of the sun within a few km! .. ... Mot 7 101 GeV

nucleon mass MN ~ 1 GeV

Let’'s compare to data!



Neutron stars: mass vs. radius
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The combined constraints at the 68% confidence level over the neutron star mass and radius obtained from
(Left) all neutron stars in low-mass X-ray binaries during quiescence (Right) all neutron stars with
thermonuclear bursts. The light grey lines show mass-relations corresponding to a few representative
equations of state (see Section 4.1 and Fig. 7| for detailed descriptions.)

https://arxiv.org/abs/1603.02698v1
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White dwarf simplified

E Fermi ~ E Gravity

EFermi/N — Tle
2 2 2,12
g 3GMgp M2, N2m2,
ravity — ™ 5 ™ 5
3 RWD MplanokRWD MplanckRWD
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White dwarf simplified

E Fermi ~ E Gravity

EFermi / N = e (electron mass)

3 GMin M N*ms4,

E Gravity — ~ ~
y 2 2
3 RWD M lanck RWD M lanck RWD

p p



White dwarf simplified

E Fermi ~ E Gravity

EFermi / N = e (electron mass)
2 2 2,12
ravity — ™~ 9 ™ 2
3 RWD MplanckRWD MplanckRWD

~ —RNS larger radius

Mwp ~ planck Mxs same mass




White dwarf estimate

R planck my R \/ planck Vi
WD ~ ™~ NS WD 9 ~ NS
e TN N e N

'. Mwp ~ (few)l()?’o kg ~ Mg '
~ Rwp ~ (few) 10000 km j

Mass of the sun at the size of the earth!

electron mass m. = 0.51099895000(15) MeV
Planck scale  Mplana =~ 10" GeV

nucleon mass My ~1 GeV



Mwp Mg

White dwart mass-radius curve

1.5¢

\ Solve full TOV equations
| 0-— with free electron gas EOS
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So let’s use these very dense objects
to study light QCD axions

Part I: White dwarfs as a probe of light QCD axions

Based on arXiv: 2211.02661

» Axions and their properties at finite density
' Toy Model: Equation of state of free Fermi gas with axion

- White dwarfs and the axion



The QCD Axion: Motivated by the strong CP Problem

CP violation in the strong sector

Lqcp = Z (j(ZD — mqew‘—’)q ! G“VGZV — H&GZ’VGZV
q

4 “ 87




The QCD Axion: Motivated by the strong CP Problem

CP violation in the strong sector

LQCD = Z (I(ZE — mqewq)q 411 GZVGZV — Q&GZVGZV
q

ST

Predicts a neutron EDM L, D d,nc""vysnkF,,




The QCD Axion: Motivated by the strong CP Problem

CP violation in the strong sector
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The QCD Axion: Motivated by the strong CP Problem

CP violation in the strong sector
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The QCD Axion: Solution

Axial PQ symmetry U(1)pq: spontaneously broken at the scale ~ f

Explicitly broken at the quantum level by QCD anomaly

pseudo-Nambu-Goldstone Boson (pNGB) arises: the QCD axion ¢(x) .
¢($) —\ O -
L p— 8 _GMVCLGCL
( fa ST ad

Non-perturbative axion potential relaxes to CP conserving minimum below the QCD scale

e_eff

(9)/fa — 0 — 0



The QCD Axion: At low energies

Non-perturbative effects generate potential Aqcp,

) uv IR
gS ¢ Gé
3272 f — V(p) ~
The QCD axion is very predictive Mg ~ M [

Couplings to nucleons, photons, electrons,...

Determined by the scale f
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The QCD Axion: Plethora of experimental searches
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The QCD Axion: Plethora of experimental searches
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The QCD Axion: Plethora of experimental searches
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Light QCD Axions

Non-perturbative effects generate potential

2
gs ¢ ~

... with smaller mass

V(p) =~ emirfﬁ _cos (é) — 1-

I
ek
[\

log;o(GeV/ f)

I
[
@)\

axion coupling
I
5

I
o)
-

For symmetry based realizations, see (Hook, Huang 17, Hook ‘18,
Di Luzio, Gavela, Quilez, Ringwald "21)



QCD Axion: Coupling to nucleons

Nuclear Chiral Perturbation Theory with QCD axion

Lopr = Tr [UMe®f +he.| NN+ ...

Leads to non-derivative coupling to nucleons:

LD —mN(¢)NN with my(p) =mpy |14 OnN (COS¢

such that my(0) =mpy, oxn =~ 50MeV

Light QCD axions have the same coupling to SM matter




Light QCD Axion: at Finite Density _em2f;

Turn on baryon density background (NN) =n

emy [

V(p) ~ — UWNTL_ (COS ;é 1)

4




Light QCD Axion: at Finite Density n Mz

Turn on baryon density background (NN) =n

V(p) ~ — Emirfg UWNTL_ (COS? 1)

At critical density 1 > N

new minima appear at <qb> =T7f

Exciting effects appear once ¢ () develops a non-trivial profile



Axion Profile: in a neutron star

L0 axion core
b=10f .
08 B (mg)t > R *
o -
[ B (M) ~ R
= 0.6 B (my) <R )
—~ 0.4 :
= :
<, long-range force
' y N - Long-range force |
v . . ‘\
0.0 : 1.0 1.5 2.0 2.5

r/R

LLong range forces, axion conversion in magnetosphere of NSs

see Hook, Huang '17 and Balkin, Serra, KS, Weiler 20



Axion Profile: in a neutron star

b=0f

KM conversion

long-range force

Long-range force

‘\7

. : 1.0 1.5 2.0 2.5
r/R

On the other hand: There is a back reaction on the system!



Why does this not affect large nuclei?

We gain energy by being in the true vacuum inside dense object.

V4 V
. (¢)\ N
¢ . \ .

Field theory potential energy contains gradient term!

B = 1(0:0)" + U(6) U = (V) + V(9

Resists change in profile

(“string does not want to be bend”)




Why does this not affect large nuclei?

Condition for non-trivial profile:

: : 2 £2 ONN
Potential gain... m._ W(G ,,,,é\:zr g)

... outweighs gradient energy price (V¢)2 ~ f 2/ re

insi ~ 10" GeV
Tcritical — 1 / mngIde €.8. I )

Icritical ™ 0.2cm

—_— _— —= — —_— —_— — = — e —— — —_——

Objects must be large enough. No effects in particle physics experiments. |




Light QCD Axion: at Finite Density i P2

TTJ T

1) Nucleon mass is reduced once the axionis at (¢) = 7 f

my(¢) =mn _1 | ;7;]]\:; (COS? — 1)_

mN(ﬂ.f):mN_O-ﬂ-N



Light QCD Axion: at Finite Density i P2

TTJ T

1) Nucleon mass is reduced once the axionis at (¢) = 7 f

mpy (@) = my _1 P N (COS? —1)_

ZmN

2) Energy density of the potential acts as energy density (similar toa CC)  V(nf) ~ emz f7/2



Plan
Part I: White dwarfs as a probe of light QCD axions

» Axions and their properties at finite density

' Toy Model: Equation of state of free Fermi gas with axion



Free Fermi Gas of Neutrons with Axion

Lxvs = V73 [N (19", D0~ mic(@) N + 50" (0,6)(0.0) - V(9)]|

55 _ 65 _
09uy 09

Minimizing the action 0



Free Fermi Gas of Neutrons with Axion

Lo = V=3 | N (192D, = my(O) N + 30" 0,6)(00) ~ V(6)|

Minimizing the action 05 — 05 —0
5g;u/ 0¢
o [1 . 1 — — —27Gr? (e — p)] ?9; +p8ng¢(;¢) =U(o,p),

coupled system

B ZGM] N g¢ [ Gﬁ/l
; { = )] #U(%.r). Einstein equations and axion EOM

,:_Gl\zéfs[1+z_9] [1_2GM] !1+47rr (
r £
1
2

. 2GM) (¢’)2] |

r

p
M' = 4mr? [e




Free Fermi Gas of Neutrons with Axion

Lo = V=3 | N (192D, = my(O) N + 30" 0,6)(00) ~ V(6)|

Minimizing the action 05 — 05 —0

59“1/ 5¢
) coupled system
p,:_GMs[H_z_)] [1_2GM] [1+4m~ ( { 2GM

2 : ; M } ] #U¢:»). Einstein equations and axion EOM

M’ = 4nr? [e + % (1 _ QCiM ) (¢')2] | /

can be solved numerically, very technical

I 2GMT 2 GM ov  omy(é)
¢[1— - ]+;¢ [1—7—2war (e — p)] a¢+p ¥ = U(¢, p),




Free Fermi Gas of Neutrons with Axion

Lo = V=3 | N (192D, = my(O) N + 30" 0,6)(00) ~ V(6)|

Minimizing the action 05 — 05 —0

59“1/ 5¢ W
) coupled system
p,:_GMs[H_g_)] [1_2GM] [1+4m~ ( { 2GM

2 : r M } ] #U¢:»). Einstein equations and axion EOM

M = 4 [e + % (1 _ QCiM ) (¢')2] | /

can be solved numerically, very technical

I 2GMT 2 GM ov  omy(é)
¢[1— - ]+;¢ [1—7—27rGr (e — p)] 8¢-|—p 5 = U(¢, p),




Zero Gradient Limit

Scale hierarchy

Scale of the system Scale of @

R > Ag=m, !~ /

? \oryn—em2 [



Zero Gradient Limit

Scale hierarchy

Scale of the system Scale of @

f

? \oryn—em2 [

Limit of a thin wall bubble

Gradient energy becomes negligible: ¢’ (r) =0

The system effectively decouples: Solve for EOS ——®  Solve pressure gravity equations



Equation of state

e
0¢

— (0 minimising the potential energy

oV I n@mN(gb) — 0

0% 0




Equation of state

e
0¢

— (0 minimising the potential energy

oV I n@mN(gb) — 0

0% 0




Equation of state

e
0¢

— (0 minimising the potential energy

oV I n@mN(gb) — 0

0% 0

e(n), p(n)

equation of state



e(n,0) en(n,0)+ V(0)

Energy per particle

mN—I—/

— free fermi gas

e/n




Energy per particle c(n,¢) _ en(n,9) +V(9)

n n

— metastable ( =0)  ---- unstable New ground state (¢ = 7w f)

mN-:—/

— free fermi gas

<
\
W

myN — OxN Seaa L.




Energy per particle c(n,¢) _ en(n,9) +V(9)

n n

— metastable ( =0)  ---- unstable New ground state (¢ = 7 f)

MmN /

— free fermi gas

Energy per particle is related to pressure

d(e/n
p=n’ (&{z ) =pNn —V

<
\
W

MmN — OxN IR




Energy per particle c(n,¢) _ en(n,9) +V(9)

n n

— metastable ( =0)  ---- unstable New ground state (¢ = 7 f)

MmN '/

— free fermi gas

Energy per particle is related to pressure

d(e/n
p=n’ (&{z ) =pNn —V

§ '.
E ‘; Negative pressure for

Ne<n<n

Defines 1™ as

MN = OrN T p(n*) =pn(n") =V =0




Energy per particle and pressure

— metastable (¢ =0) ---- unstable — stable (¢ = =5
/ e | P =DPN — V< OI
© "N - —
— ' : 2
O - — free fermi gas 7
= O
©
9 o
E VR
o =
> 2
- W .—1CD
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LL}
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density £ Energy density



1 ‘ d probe-of D axions
~ *ToyModel: E e
dwarfs and the axion A



White Dwarfs with light QCD axion

A/Z ~ 2
® EOS analogous to free Fermi gas picture € = (A/ Z )m}“\;n T Ee (n) + V

® New ground state density set by electron pressure Pe (n™) = pe(n™) =V =0



White Dwarfs with light QCD axion

A/Z ~ 2
® EOS analogous to free Fermi gas picture € = (A/ Z )m}‘vn T Ee (n) + V

® New ground state density set by electron pressure Pe (n™) = pe(n™) =V =0

There exists a range of densities 7. <1 <N~ with » < 0

and no stable configuration:

—> ‘Translates to gap in the MR Curve\




White Dwarfs with light QCD axion

1.5¢
- e=10"""
'_Qj 10" \
= || N
N :
= 3
= v
0.5_ .o:;:.. ® °
i \o“o.. . °
A
A A
ook
0 10000 20000 30000 40 000 50000 60000

RWD [km]

€N

4O-7TN



White Dwarfs with light QCD axion

1.5}

Mwp M

1.0F

0.5}

0.0

O nNg < Ne

10000 20000 30000 40000 50 000 60 000

RWD [km]

€N

4O-7TN




White Dwarfs with light QCD axion

1.5}

Mwp M

1.0F

0.5}

0.0

stable phase

[\ e =101
| \ Nng > n"
\
meta-stable phase
O nNg < Ne

10000 20000 30000 40000 50 000 60 000

RWD [km]

€N

4UWN




White Dwarfs with light QCD axion
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White Dwarfs with light Axion

Negligible Gradient
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White Dwarfs with light Axion

But, for large decay constants f > 10'°GeV gradient effects become important

1) On : minimum radius is fixedby  fimin ~ my :
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White Dwarfs with light Axion

But, for large decay constants f > 10'°GeV gradient effects become important

1) On : minimum radius is fixedby  fimin ~ my :

2) On : gradient pressure fixes maximal radius
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Axion Parameter Space
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Axion Parameter Space
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Plan
Part I: White dwarfs as a probe of light QCD axions

» Axions and their properties at finite density
' Toy Model: Equation of state of free fermi gas with axion
» White dwarfs and the axion

Part II: Heavy stars from light scalars

* Motivation and simplest example



Heavy Neutron Stars from light Scalars

... or Fat Zombies in the Stellar Graveyard
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Motivation
Gravitational wave astronomy

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars

% -‘ ® .n. .-.t.a.ﬁ....¢‘
O LdEm 'v

0
D
7
)
(©

=
| N—

L
O

)




A simple example

Consider non-interacting Fermi gas of neutrons

— MmaX ~ O7M@

= Roax >~ 10km

Mns [Mo]
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A simple example

Consider non-interacting Fermi gas of neutrons

= Mo ~ 0.7 (

= Roax ~ 10(

mn

my

™

™m

2
) Me

2
) km
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A simple example

Consider non-interacting Fermi gas of neutrons

3.0

T 2 sl
— Mmax ~ 07 ( N) M@ =
d 2.0
2 G
= Riax ~ 10 (mN) km % 1.5
m <
1.0
For lighter neutrons os|
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A simple example

Consider non-interacting Fermi gas of neutrons

3.0

T 2 sl
— Mmax ~ 07 ( N) M@ =
d 2.0
2 G
= Riax ~ 10 (mN> km % 1.5
m <
1.0
For lighter neutrons os|

0.0

m~my/3 — O(10)

Why is that? At fixed energy density, need more neutrons €9 = mnyn
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Part I: White dwarfs as a probe of light QCD axions

» Axions and their properties at finite density

' Toy Model: Equation of state of free fermi gas with axion

* White dwarfs and the axion

Part II: Heavy stars from light scalars
* Motivation and simplest example

- What kind of equation of state?



Generic Scalar

Potential and coupling  V(¢) = —A* (cos (¢/f) — 1)

Relax the coupling




Generic Scalar

Potential and coupling  V(¢) = —A* (cos (¢/f) — 1) Opn = gT;LN NN cos (?)
Relax the coupling My = { my(1—g) ¢=n 1>g>0
What kind of EOS?

. § . e = const. = myp
1) Massreduction  my < mp  stiffens the EOS
my

2
— Mooy ~ 0.7 (—) M.,

m

2) Vacuumenergy V(mf) =2 A% softens the EOS additional energy density gravitates



Generic Scalar

Parameter space is split

— Free fermi gas Stiffor
-

_ Coexistence Softer

Potential dominating: £/n > my
— New ground state

Coexistence First order PT: softens the EOS .




Generic Scalar

Parameter space is split

— Free fermi gas Stiffor
-

_ Coexistence Softer _

Potential dominating: £/n > my
— New ground state

Coexistence First order PT: softens the EOS .

Hybrid stars
M, .S 1M,

max v

EOS is softer!



Coexistence Phase: MR Curve

Ist order phase transition: 0.8
- Generically softens EOSs 0.7
e.g. Kaon condensation _
§ 0.6-
. Disfavoured T} 0.5
L
L . 0.4
Gravitational wave signal? :
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Generic Scalar

Parameter space is split

— Free fermi gas

L. _ Coexistence
Mass change dominating: ¢ / n < mpy

— New ground state

New groundstate p=0, &>¢&" -

like SOM

New ground state

Stiffer
-

Softer o

max|M .. 1> M,

EOS (can be) stiffer!




New ground state

New Ground State Phase max[M. 1> M, |
EOS (can be) stiffer!
NGS for A=5 MeV, g = 0.75

69w
This can be a large effect .
MmaX ~ 112M@ 10
Ruax =~ 160 km .
=
4
>

N
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New ground state

New Ground State Phase max[M. 1> M, |
EOS (can be) stiffer!
Self bound objects
M ~ NG5 R3 )
|

Minimal size given by gradient \
}%nnhlf:5 }{5‘ —

Field has to fitinside R°
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» Axions and their properties at finite density

- Toy Model: Equation of state of free fermi gas with axion
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Part II: Heavy stars from light scalars
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Part II: Heavy stars from light scalars
* Motivation and simplest example

- What kind of equation of state?

* Parameter space



Conclusion and Outlook

White dwarfs as a probe of light QCD axions
* Light QCD axions can get sourced in White Dwarfs leading to a NGS

* There is a gap in densities between the Meta Stable and the NGS branch...
* ... which translates to a gap in the M-R curve
* Allows to exclude large chunk of parameter space

* This does not rely on the axion being DM
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Self bound objects as DM, Coupling to electrons, GW from 1st order PT, what about Supernovae?...



Conclusion and Outlook

White dwarfs as a probe of light QCD axions
* Light QCD axions can get sourced in White Dwarfs leading to a NGS

* There is a gap in densities between the Meta Stable and the NGS branch...
* ... which translates to a gap in the M-R curve
* Allows to exclude large chunk of parameter space

* This does not rely on the axion being

Thank you!
Heavy Neutmowrorcarsrowsmht Scalars

* Light Scalars with non-derivative coupling to nucleons make them lighter
* Coexistence Phase: Hybrid stars with softer EOS

* New ground state: Large effects on maximal mass

More to do

Self bound objects as DM, Coupling to electrons, GW from 1st order P T, what about Supernovae?...
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ChPT EOS with the axion
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ALP-FERMION-GRAVITY SYSTEM

Consider one Fermion [V, gravity and the ALP

Lno = v/=G | (ig" 2D, ~R@) N + 29 (0,0)(0,0) —FB) |

ALP neutron interaction ALP self-interaction }

Outside the dense object

Tl =0 Ve =0 miy(6e) =my
oly

Effectively decoupled



COUPLED EOMS

The full coupled system

pl+¢l(d_v>= (€+p)6 1—6_0+K/I°2 (pl

do 2r

o' = kre’ |- 62 (¢')°

2 '1—-— e’  Kkrie°
!/ = |
Pt rl 2 = 4

(p—€)




ZERO GRADIENT LIMIT

Corresponds to systems much larger than the typical scale of ¢

2
E(R) ~ RZAR (ALR) + Rgepot — Rggpot

Lv Can forget about the scalar gradient 8u¢ = ()

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

Oc

96 0 + Neutron Fermigas ——#  Equation of state

0S
09

=0 ——» Pressure - Gravity balance equations
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Global view
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Studying density effects is fun!

SN 1987A

White Dwarfs

(a) (r)/ (a) (r = 0)

r/R ‘ log(m¢/eV)
The QCD axion at finite density Light QCD axions in White Dwarfs
JHEP 07 (2020) 221 with Balkin, Serra, Weiler 2211.02661 with Balkin, Serra, Stelzl, Weiler

stability

QCD-axion—Nucleon coupling at finite density Phase Transitions from Stars
To appear soon 2105.13354 with Balkin, Serra, Stelzl, Weiler



