0

The stellar grave‘yard as

Iaboratory o

-
. 24 LN
Andreas Weiler (TUM)
6/6/23 S,

- . g
L - e~ & T .. .. ‘.

ithub.cem/StabilitAl/stablgdiffusion ,

</



work in collaboration with:

Reuven Balkin (Technion -> UC Santa Cruz),

Javi Serra (IFT Madrid),

Stefan Stelzl (EPFL),

Konstantin Springmann (TUM -> Weizman/DESY)




Plan for the next 32 Minutes

 White dwarfs and neutron stars simplified
 What happens to a (light) QCD axion inside them?

* General theory for light scalars in dense stars



Neutron Stars
as a laboratory
for fundamental physics

* Densest stars in the universe,

M
€~ — (10?{ X ~ 10" g/cm® ~ (200MeV)*
3 1m

* Strongest magnetic fields in the universe.
* Very precise measurements of their spin (pulsars).

* Observed in merger events via gravitational waves.
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Back of the envelope ...

... power of theory (laziness as a virtue)
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E Fermi ~ E Gravity

Erermi/N = my (nucleon mass)
2 2
B — §GMNS N M N
ravity — 5
3 RNS MplanckRNS

with N ~ Rq-n ~ Rygmy,

Neutron stars simplified
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Neutron stars simplified

EFermi ~ EGravity

Erermi/N = my (nucleon mass)
2 2 2,12
g BGM M2, N2m2,
ravity — = = ™ 5 ~ 5
3 RNS MplanckRNS MplanckRNS

with N ~ Rq-n ~ Rygmy,
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Neutron star estimate

3
M Planck MNS N M Planck

2 2

Rng ~
RNS ~ (fGW) km MNS ~ (f@W)lOSO kg ~ M@

Mass of the sun within a few km

Planck scale Mpianae & 101 GeV

nucleon mass My ~ 1 GeV



Comparison to data

Jocelyn Bell Burnell




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 Dwarfs:

- electrongas




White dwarfs simplified

EFermi ~ EGraVity

FFermi / N =me, (electron mass)
2 2 2,2
B _3GMgp M, N?m3,
ravity — T = ~ 5 ~ 5
3 RWD MplanckRWD MplanckRWD

3
e

3 3



White dwarfs simplified

EFermi ~ EGraVity

FFermi / N =me, (electron mass)

3 GMirm M N?m3
3 RWD MQlaanRWD MQlaanRWD

p p

E Gravity —

3
e

3 3

M planck my

Rwp ~ ~ — RNg larger radius
l Me TNV N Me
M?
Mwp ~ =225 Mys same mass

T




White dwarf estimate

MWD ~ (f@W)lOSO kg ~ M@

electron mass me = 0.51099895000(15) MeV
Planck scale  Mpianck =~ 10" GeV

nucleon mass My ~1 GeV



White dwarf estimate

3

R Mplanck mn R M Mplanck

WD ™~ ™~ NS WD ™ 5
e TN N TNe N

| T— P

Mns

MWD ~ (f@W)lOSO kg ~ M@
Rwp ~ (few) 10000 km

Mass of the sun at the size of the earth.

electron mass me = 0.51099895000(15) MeV
Planck scale  Mpianck =~ 10" GeV

nucleon mass My ~1 GeV



White dwarf mass-radius curve

1.5}
| Solution of full TOV equations
\ with free electron gas EOS
— 1.0 %
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a b
= o3
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White dwarf mass-radius curve

1.5¢
| Solution of full TOV equations
\ with free electron gas EOS
— 1.0
=
= agrees very well with SM
= 0 -> use to constraint BSM
O. .................. R R

10000 20000 30000 40 000 50000 60 000
RWD [km]



We will study these very dense objects
in the presence of light QCD axions

(as well as other light scalars)

We will not have to assume that they
are the dark matter.



QCD axion: motivated by the strong CP problem

CP violation in the strong sector

. 1 1 Va Qs v A?
Laco = Y q(iP —mee™)q — 7 GL' Gy, —0-"G'G,,
q

Predicts a neutron EDM:



QCD axion: motivated by the strong CP problem

CP violation in the strong sector

Lacp = ¥ q (i — mee®)q - iag'/ag,, 9 GL G,
; ; -

Predicts a neutron EDM: L, D d,no"”vysnF,,

e|d|m? _
‘ ‘3 T ~ 10 °|le cm

my,

d, ~




QCD axion: motivated by the strong CP problem

CP violation in the strong sector

: 1
Lacp = q(iP — mge™)q - 7Ga G
q

Predicts a neutron EDM:

Upper limit on neutron EDM (excm)
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QCD axion: motivated by the strong CP problem

CP violation in the strong sector

. 1
Lacp = Y  q(iP — mee'®™)q — 7G G, — 0
q
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i Sensitivity of next i ~U

generation experiment ——> @

Predicts ,
See talks by: Surjeet, Tony, Sungwoo,
A" Gongjun, Raffaele, Michael, Maximilian,
i
= Jeff, Fabrizio,....
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Axion Solution

Roberto Peccei Helen Quinn

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

explicitly broken at the quantum level by a mixed QCD anomaly

pseudo-Nambu-Goldstone boson (pNG) arises: the QCD axion ¢ ()

. ¢(ZE) pra a
L’,—( I 9> 87TG G

non-perturbative axion potential: axion relaxes to CP-conserving
minimum

CD
|||

(9)/fa—0 — 0



Axion Solution

Roberto Peccei Helen Quinn

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

explicitly broken at the quantum level by a mixed QCD anomaly

See talks by: Surjeet, Tony, Sungwoo,
Gongjun, Raffaele, Michael, Maximilian,

ey Jeff, Fabrizio,....
mini




QCD Axions

The QCD axion potential at low energy

Uuv IR
gz ¢

The QCD axion couplings to photons, nucleons,
electrons determined by scale f



Axion: plethora of new searches
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Axion: plethora of new searches
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Axion: plethora of new searches
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Light QCD Axions

The QCD axion potential at low energy ~ (¢) =0

P
95 O~
S —GG ——
3272 f —

... With a smaller mass: D
2 £2 .?;'Q_wg
€M ~ —12f
V(p) ~ — Zf” [cos <?> — 1] 8?‘%14
cy¥ |
o~
C>é _18f
above QCD axion line !

20 15 % 5 0

logio(ms/eV)  @XION MAass

e symmetry realization, see (Hook, Huang ’17, Hook ‘18, Di Luzio et. al. ’21)



QCD Axion: Coupling to Nucleons

Nuclear Chiral Perturbation theory

Lopr =Tr [UMe“ + he. | NN+ ...

leads to non-derivative coupling of axions to nucleons:

LD -—my(d)NN with my(¢) =my {1 I ;j:]\; (cos? — 1)}

such that mN(O) =mpn, 0N == 50MeV



Light QCD Axion at Finite Density

emz Jz
40—77]\7

Turn on baryon density background (NN) =n + L——

V(g) ~ — lemi’ﬁ - UWNn] <cos? _ 1) /\/\

n<ne.=




Light QCD Axion at finite density

2 r2
. emz f=
o =
40'7TN

Turn on baryon density background (Nn)=n t
n > Ne
2 r2
V(p) ~ — lemﬁfﬁ — UWNTL] (COS _ 1)
4 f ¢
\ :

Above critical density 7 > nc
new minimum at (¢) = f

Dramatic effects appear once qb develops a non-trivial profile




Axion Profile

1a(l)xion core

—

/
|

FM conversion

long-range force

Long-range force

15 20 25

r/R

see Hook, Huang ’17 and Balkin, Serra, Springmann, AW ‘20



Axion Profile

axion core

" Axion core
b—0f = 0.8+ m (mg)oh > R
I | B (Mg ) ~ R
S 0.6/ B (M) < 1
3 _
= 04
“ )
= |
<02 E | f
0.2} .;5 onng-_rr;gelgoge orce
0l N e
0.0 0.5 1.0 1.5 2.0 2.5

see Hook, Huang ’17 and Balkin, Serra, Springmann, AW ‘20



Why does this not affect large nucleons?

We gain energy by being in the true vacuum inside dense object.
V(o)

n < n, AV(qb)\ /l\ n > ne
W ’ S\

Field theory potential energy includes gradient term!

B-Ltoor+ue) U= 3(VP V()

Resists change in profile

(“string does not want to be bend”)




Why does this not affect large nucleons?

Condition for non-trivial profile:

: : n
Potential gain... m72r 7%(6 C;n]\:% g)

... outweighs gradient energy price (V¢)2 ~ f2/7“2

y -
Tcritical -~ 1/m$81de €.0. f o~ 107 GeV

Tcritical 7™~ 0.2cm

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



Axion Profile

X 0.6

2.5

What happens to neutrons stars and white
dwarfs with an axion sourced inside?



Stars with a sourced axion profile

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

¢ n > ne
@ = [ () J\W

LmN(Wf) ~MN — OxN |




Stars with a sourced axion

1) Nucleon mass is reduced once the axion is at (#) =7f

5 n > n,
mny (@) = my [1 + ;;]]\:7 (cos 7o 1)]

lme(Wf) ~ MN — OxN |

2) Energy density of the potential acts as vacuum energy (like a CC)

e(n, @) =en(n, ¢) + V(o)
p(na ¢) — PN (na ¢) — V((rb)




Stars with a sourced axion

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

ma(d) = my [1 + ;’”N <cos o _ 1)]

my /

lme(Wf) ~ MN — OxN |

2) Energy density of the potential acts as vacuum energy (like a CC)

e(n, @) =en(n, ¢) + V(o)
p(na ¢) — PN (na ¢) — V((rb)

n > Ne




Stars with a sourced axion

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

ma(d) = my [1 + ;’”N (Cos o _ 1)]

my /

n > Ne

LmN(ﬂ'f) ~XMNMN — OxN |

dominant effect here

2) Energy density of the potential acts as vacuum energy (like a CC)

e(n, @) =en(n, ¢) + V(o)
p(”? ¢) — PN (na qb) — V((rb)



Free Fermi Gas of Neutrons with an Axion

Lo = V70|V (iD= (@) N + 50(0,0)(0,0) - V(6)|
05 05
== =0

Minimizing the action —
5g/u/ 0P




Free Fermi Gas of Neutrons with an Axion

Lo = V=5 [N (192D, mi (@) N + 50 (0,0)(0,0) V()]

Minimizing the action 05 _ o5 _

5g,uu B % -
i R [1‘GTM‘2”G € p)]:gz”an?ﬁ):w & coupled system
e[ 22 e (o G 2] oo Einstein equations and axion EOM
M' = 4mr? [s+;(1—2G—M)(¢)}



Free Fermi Gas of Neutrons with an Axion

Lo = V70|V (iD= (@) N + 50(0,0)(0,0) - V(6)|

65 _ 05 _
09y 09

¢"[ ‘2G—M}+,2~¢ [1‘G—M—27TG (c - p>] 8V+pam¢(¢) U(.0), \

Minimizing the action

- T 4t o ) coupled system
=Sl 1‘7] 0 (G- 5))] -even. Einstein equations and axion EOM

p
M':47r7“2[6+;(1—2G—M)(¢)} /

can be solved numerically, very involved




Free Fermi Gas of Neutrons with an Axion

1

Lo = V70|V (iD= (@) N + 50(0,0)(0,0) - V(6)|

58 48
0Guy 0@

Minimizing the action -0

AW

b r coupled system
i (G- 5})| -#ven. Einstein equations and axion EOM

p
M':47rr2[6+;(1—2G—M)(¢)} /

can be solved numerically, very involved

r r 3¢ 0o

, _GJ\;[&{1+§} 1_2GM] [

r
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Zero Gradient Limit

Scale hierarchy

Scale of the system l Scale of ¢

R > Ay =my o~ /

* Vomnn —em? f?



Zero Gradient Limit

Scale hierarchy

Scale of the system ' Scale of ¢

R > Ag=m, ' ~ /

Q‘ ? \/OrNn — em2 f2
Limit of a thin wall bubble
Gradient energy becomes negligible: ¢'(r) =0

The system effectively decouples: Solve for EOS

—> Solve pressure gravity equations



e
0¢

Equation of state

= 0 minimising the potential energy

oV omn (o)

8gbln 96 = ()




e
0¢

Equation of state

= 0 minimising the potential energy p(n,
oV Omn(§) _
95 n 0 0 —> ¢(n>



e
0¢

Equation of state

e(n, o) =en(n, o) +
= 0 minimising the potential energy p(n, ¢) = py(n, d) —
oV Omn(§) _
95 n 0 0 —> ¢(n>

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



e/n

Energy per particle

E———

— free fermi gas




Energy per particle

— metastable (¢ =0) ---- unstable stable (¢ = = f)
——I’_I/
T '-: — free fermi gas Energy per particle is related to pressure
d(e/n
<
~—
W
MN — OxN RN
n. n*



Energy per particle

— metastable (¢ =0) ---- unstable stable (¢ = = f)
——I’_I/
T '-: — free fermi gas Energy per particle is related to pressure
d(e/n
~ .
P Negative pressure for
Nne<n<n®
. Defines n™ as
mN — OxN Tt
ne n* p(n*) =pn(n") =V =0



Energy per particle vs pressure inside

— metastable (¢ =0) ---- unstable stable (¢ = = f)
2 __// e p=pn -V <0
(&) N . f f . -
5 - — free fermi gas %
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density energy %Iensity



Energy per particle vs pressure inside

— metastable (¢ =0) ---- unstable stable (¢ = = f)
m / e | P=PN — V< OI
o ™ : =
= '- — free fermi gas| ¢
— Q /]
© O O
Q > -l
- = =
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White Dwarfs with a light Axion
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Axion Parameter Space

SN 1987A

new ground state
logks like WD

White Dwarfs

logo(GeV/f)

Note: no need to assume that axions constitute dark matter.



Heavy Neutron Stars from light Scalars

... or Fat Zombies in the Stellar Graveyard
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Free fermi-gas toy model

Consider non-interacting Fermi gas of neutrons

= MmaX ~ O?M@

= Roax ~ 10km

Mnys [Mo]
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0.4

0.2

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv




Free fermi-gas toy model

Consider non-interacting Fermi gas of neutrons
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Free fermi-gas toy model

Consider non-interacting Fermi gas of neutrons

3.07

2
= Mo ~ 0.7 (220 ) " Mo

m 2.0}

2 3
= Rmax ~ 10 (@) km Em 1.5}

m =
1.0}
For lighter neutrons

’mNmN/S — (9(10)\

2.5}

0.0L

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv

xxxxxxxxxx

20 40 60 80 100 120 140

Rns [km]

Recalling earlier neutron star estimates, we find same scaling:

jy{fﬂanck

2
N

Rng ~

Myg ~

lanck
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Free fermi-gas toy model

Consider non-interacting Fermi gas of neutrons

3 0—m ™

5 :
myn 2.5¢
= Mpax ~ 0.7 (—) M : reduced nucleon mass
m 20! m ~ mn/3
mn 2 §
m <

1.0f

For lighter neutrons ["‘K

—‘ S T
' m ~ mN/3 — (9(10) " 2 #0 60 N [1221] 100 120 140

Also obvious from our neutron star estimates:

3
M Planck M P

2
N TN

Rng ~



Light scalars coupled to nucleons

Scalar potential ~ V(¢) = —A* (cos (¢/f) — 1)

Matter coupling Opn = %NN COS (?) —)

MmN gb:O

1 >g>0
my(l—g) ¢=m

Effective nucl. mass mjy = {

What kind of EOS?

1) Mass reduction mb; < my stiffens the EQS = Ot =mwe

TN

2
o Moo~ 0.7 (—) M.,

2) Vacuum energy v (xf) = 2A* softens the EOS

additional energy density gravitates
see Bellazzini et. al. '15 and Csaki et. al. ’18



Light scalars coupled to nucleons

Scalar potential ~ V(¢) = —A* (cos (¢/f) — 1)

Matter coupling Opn = %NN COS (?) —2

MmN gb:O

1>g>0
myn(l—g) ¢=m

Effective nucl. mass mjy = {

What kind of EOS?

1) Massreduction my <mny stiffens the EOS " ="

2
— Mooy ~ 0.7 (@> M.,

additional energy density gravitates  §
see Bellazzini et. al. ’15 and Csaki et. al. ‘_,'
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Energy per particle

— Stable ----- Unstable

Pc

Free Fermi gas
— Coexistence

NGS — New ground state

0 number density
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New ground state p=0, ¢ ="%°

7 N\

— Parameter space is split
Coexistence first order PT




pressure

Equation of state

— Coexistence

— New ground state

Free Fermi gas

energy density



Axion effect on NS profile

— Fermi gas (M=0.4 M)

o
-
. . . mg 5 ‘ ‘ | ‘ ‘
—— Fermi gas with axion (M=1.6 M) m
o
Q

I I I I I I I I I I =
— Fermi gas with axion (M=1.6 M)

axion NS: M=1.6 Mo
fermigas NS M=0.4 Mo




Mass vs. Radius of NS

Bounded m, (6. ) models

Black Hole
R=2GM \ |
— — Fermi gas i
® 2
5 15 5 — QCD axion
= - — Light QCD axion |
— ALP BM1 |
— ALP BM2
i il
0.5 — \ .
0. — l l
5 10 15 20 25 30

R |km]



Gradient Effects

Light QCD axion

Fermi gas

----- Fermi gas with axion

— f=5x10' GeV
— f=10'% GeV
— f=10" GeV

O(1) changes in
axion profile and M-R

Note: important also for
bounds on light axions
derived from GW170817

Weakening of the GW bound
at large f by a factor of a few.



Full parameter
space



Neutron stars with light scalars
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Neutron stars with light scalars
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(V(0s))"* [GeV]

Neutron stars with light scalars

V(¢) = —A" (cos (¢/f) — 1)

Oyn = %NNCOS (?)
Potential-dependent No sourcing in NSs mi = mn ¢ =0 1>9g>0
0.3 : | — N my(l—g) ¢=m
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Can we really populate the
full parameter range?



Large mn-reduction toy model

1 M
L:qb — i(a,ugb)Q — O‘ng(¢)G'LWG,Lu/ — €gQg 16;\; f(¢)
Uv
4o’
(N|asG" Gy |N) = 3a )mo mo = 869.5 MeV
R M4 M4
_ \ _ 9\ Uv | QCD
Lom D —myNN (1 f(9) g*> (61671'2 - C A > 9/ (o)
Gy = Blas)| my -~ 0.39



Decoding scalar-matter

Interactions
ma(@)/m =1 — (Miq)n {1 +0 (%)} scalar matter coupling
V() = %mgﬂﬁ {1 + O (%)} scalar potential

If higher order effects are unimportant:

F¢,f¢ > M¢ ngMgbandm*(M¢)/m<<1

Screening by higher order effects:

¢~ fo <M, chameleon screening

¢~ Fyp < Mg QCD axion and (light) axion



Side-remark: scalar-tensor
gravity theories are In this class

scalar-nucleon coupling:

Smatter [wv ¢; g,LLV] = /délcaj e 1 ([i/z]euavaﬁﬂ ] m*(gb)> (2

chameleon model:

Sonaster [Vs; A% (D) 9]

Cap —7 €ap = A Capu w;’;b %&ng = wzb + (eo‘bez — eo‘“eZ)é’a log A

e(A%/ 29, )e! v, D, (A% ?y,)
normalization

—) canonical
... are equivalent (modulo interactions):

L avier [Ui; A% (0) 9] = Smaseer [V @5 Guv] = ¥ (i€ v Dy — A()m) o



Neutron stars with light scalars
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Neutron stars with light scalars
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Masses in the Stellar Graveyard
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Outlook



Actual QCD Axion inside neutron stars

TRADITIONAL VIEW OF A NEUTRON STAR

Atmosphere: Lighter elements such as hydrogen & helium
Outer crust: Heavier ions such as iron
*Inner crust: lons packed into a lattice

Quter core: Neutron-rich ions in a sea of free neutrons

l \ Inner core: Tightly packed nucleons

\ /¢ with quarks intact

QUARK CORE HYPERON CORE KAON CONDENSATE CORE
Nucleons break Nucleons made Two-quark particles

with “strange” /99\ with a single J00
quarks strange ﬁo en

\ee ee‘ quark

QCD phase transition sources axion:
Kaon condensation
color-flavor locking at asymptotic densities



Actual QCD Axion inside neutron stars

TRADITIONAL VIEW OF A NEUTRON STAR usual QCD aXion _maSS relation

Atmosphere: Lighter elements such as hydrogen & helium

Outer crust: Heavier ions such as iron 6 Y

*Inner crust: lons packed into a lattice 1 0

lllllllllllllllllllllllllll

Quter core: Neutron-rich ions in a sea of free neutrons

)@ | Inner core: Tightly packed nucleons

i Q
H
\ 0/(, with quarks intact
QUARK CORE HYPERON CORE KAON CONDENSATE CORE 0.6
Nucleons break Nucleons made Two-quark particles I
opOr’jr into up i with “strange” /99\ with a single 500 zg‘ I
\ © (d} /
o O &
; ' /

and “down quarks strange
quarks ‘96 99 quark

00 04" 5. =30 Mev

0.2

...........................

QCD phase transition sources axion: n/ng
Kaon Condensatign Balkin, Serra, Springmann, AW ‘20

color-flavor locking at asymptotic densities



Studying density effects is fun and rewarding

1

mNS mWD m Sun

3 4 5 a ‘6 7 8 9
log,,(M/GeV)

Bounds on Relaxion Models

(G

Phase Transitions from Stars
2105.13354 Balkin, Stelzl, Serra, Springman, AW

JHEP 06 520222 023 Balkin, Stelzl, Serra, Springman, AW
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The QCD axion at finite density

JHEP 07 (2020) 221  Balkin, Serra, Springman, AW

QCD-axion—Nucleon coupling at finite density

To appear soon




Conclusions

White dwarfs as a probe of light QCD axions

* Light QCD axions can get sourced in White Dwarfs leading to a new ground state (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

Heavy Neutron Stars from light 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 PT, what about
Supernovae?...



Thanks



