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Hubble 2019

Sirius B

Canopus Sirius B I1s a white dwarf




Dead stars are controlled extreme-matter experiments:
reveal new particles and even new phases of matter.

e
Canopus

Sirius B I1s a white dwarf



The Standard Model of particle physics

It works. Where do we look next?




Fundamental scales of Standard Model of particle physics
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Standard model as an effective field theory

The SM is not UV complete

irrelevant op.

1) Gravity requires a consistent UV completion /
M? 1 1
Spy = ——= /d4$\/7—gR ~ /d% ~0,ho"h h?Oh + ...
2 2 Mpl

2) We know we need to add more quantum fields to SM, given evidence on
dark matter, inflation, and baryogenesis, ...
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Inventory of the universe

Majorana or Dirac neutrinos?
not understood

radiation

not understood

Is it a constant? ‘ oo NOt understood
Why so small? s, - Dark

I Matter Why is there more matter
S than antimatter?

not understood
What is it?



What is the scale of new physics?
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The energy frontier

Large Hadron collider
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The energy frontier

could it be here!? Large Hadron collider
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The energy frontier

could it be here!? Large Hadron collider
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MeV GeV

future colliders

this should be a 2D plot!?



The energy intensity frontier

energy/mass
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The energy intensity frontier
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The energy intensity frontier

energy/mass

aIn[ENeE 1ple: the axion collider/LHC

Meson

Proposal: use unexplored 3rd direction
environment (high density).

Dead & dying stars provide extreme

SM: environments.



The energy intensity frontier

energy/mass

alnlNSelple: the axion collider/LHC |

Meson

this should be a 3D plot!?

Proposal: use unexplored 3rd direction
environment (high density).

Dead & dying stars provide extreme

SM: environments.



A third lever: environment (density)

energy/mass

collider/LHC

Meson

Proposal: use unexplored 3rd direction
environment (high density,...).

Dead & dying stars provide extreme
environments.
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Strong CP problem
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Upper limit on neutron EDM (excm)
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Why so small ?

1
Compare to  fcxm ~ O(1) or _ZGWGW
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Solution hinted within the problem

V(0)
- A Classical potential




Solution hinted within the problem

V(0)

Classical potential

With QCD quantum corrections




Make S-parameter dynamical: axion field

Classical potential

With QCD quantum corrections
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Make S-parameter dynamical: axion field

V(0)

Classical potential

a(f)

With QCD quantum corrections

T

é — <a(gj)> ~ () => strong CP problem is solved



QCD Axion is predictive

Mass and couplings are determined by QCD

e |nthe IR, QCD confinement generates potential 1

Uv IR with quantum corrections

gg a ~ 14 N 2 (9 i a 1_
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QCD Axion is predictive

Mass and couplings are determined by QCD

e |nthe IR, QCD confinement generates potential 1

Uv IR with quantum corrections
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QCD Axion is predictive

Mass and couplings are determined by QCD

e |nthe IR, QCD confinement generates potential )

Uv IR with quantum corrections

, _ _
gs a = 2 2 a -~
3272 T, GG —» V(a)=2m:f: _cos (E) — 1_ Mg =

e Couples to electrons, nucleons, photons, ...

0,a - ,
LD ; %Cﬂ“%%, t=cp,n,...

L Pheno determined by f, l
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axion coup
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Punchline: Finite-density effects can qualitatively change axion physics.
We found they destabilize the vacuum -> stellar-structure signatures (WD/NS)
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Punchline: Finite-density effects can qualitatively change axion physics.
We found they destabilize the vacuum -> stellar-structure signatures (WD/NS)

kHz GHz THz PHz

mHz

o 104 _ Density corrections
c L - : .
= 107> are crucial in the
Q 10~° -
5 10-° calculation of the
10~
S 108 1o supernova bound
) 10-11
e A
c ~ 1 10-12 %’Q
9 | 10710 a1z S
X 2 o 1077 =
S 10-16
S—, 10-14 - |
> 10_15 10 1_'\3
‘0—16 10_18
b0—17 10~
~0—18 10~
b0—19 j~0_21
0—20 10—22
0 49 4% 4T 46 45 A A3 42 4 0.9 % 1 6 5 A& 3 2 A D .~
A0 40740 107407107 40 107 40 107407 A0 407107 407107407107 407407 10 10
dXION MAass

my [eV]



Presence of matter...

... modifies the axion potential—altering stellar behavior

... changes the couplings, affecting how physical
processes unfold



Axion properties are highly susceptible to matter effects

2211.02661, 2307.14418, 2408.07740

Potential changes with density n

(a())vacuum ~ 0




Axion properties are highly susceptible to matter effects

2211.02661, 2307.14418, 2408.07740

Potential changes with density n

n=0 vy

vacuum <a<$)>vacuum ~

inside star (a())star = T fq

Hook, Huang 17, Balkin, Serra, Springmann, Stelzl, AW "22



Axion properties are highly susceptible to matter effects

2211.02661, 2307.14418, 2408.07740

Potential changes with density n

n=0 vl
(a(T))vacuum ~= 0
vacuum
" ° Minimum becomes
maximum at finite
density!
- ¢

inside star (a())star = T fq

Hook, Huang 17, Balkin, Serra, Springmann, Stelzl, AW "22



Axion Profile

axion core
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Long-range force

long-range force

~—~ —~
S S S
E £ E
~— ~—
H EH B

2.0

UOISIOAUO0D JNZ

15

2.5

r/R



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

Axion Profile

axion core

- Axion core
0.8 B (mg) >R
= |
[ | B (mg)om ~ R
S 06 B (mg)on < R
=
= 04
\2\/ I )
Ol :
0.2/ : Ionng-_rr;gerfgge force
0 Qi e
0.0 0.5 . . 2.0 25

Stars can develop an axion ‘core’ + long-range field outside.

This changes hydrostatic equilibrium and can open new observational channels.
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Mass radius curve for white dwarfs

T():O

1.2F To=5-10" K -
I Ty = 10° K
1.0F -
] — Y =2
2 0.8 . |
= ~» Electron degeneracy pressure is well understood
= 0.6} |
;  SM predicts an accurate M-R curve
0.4 |
: -+ Axion sourcing / EOS change
L TR — visible M-R distortion
0.0- R SRR S A R SR SRR A SR |.|..I.T.|..|-.|.T il
0 5000 10000 15000 20000 25000 30000 35000
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Back of the envelope ...

... power of dimensional analysis (aka laziness)

8 *
¢”[ - T] +=¢' [1—T —27rG’f‘2(€—p)] = g—‘;ﬂ) n?f) =U(¢,p),

o 22 o o ) o

p
M = 4rr? [e + % (1 - 2GTM) (¢’)2] .




White dwarfs simplified

EFermi ~ EGraVity




White dwarfs simplified

EFermi ~ EGraVity

EFermi/ N = m, (electron mass)
2 2 2,2
g 3GMiy My o N'mj
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White dwarfs simplified

EFermi ~ EGraVity R MplaHCk
e TN N
EFermi / N = m, (electron mass) #
M3
lanck
2 2 2,2 ~ —
P - 3G Myp Min N=m3 Mwp 2
Gravity — ™ ™ N

2 2
5 RWD M lanckRWD M lanckRWD S— —

p p
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e
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White dwarfs simplified

EFermi ~ EGraVity MplaHCk
R RWD ™
e TI N
EFermi / N = m, (electron mass) #
M?
lanck
2 2 2, 2 ~ —
P - 3G Myp Min N=m3 Mwp 2
Gty = s Rwp M2 Rwp M2 R Y
WD planck* YWD planck* YWD — —
3 3 3
N~ Ryp n ~ Ryp m Myp ~ (few)10°" kg ~ Mg

Rwp ~ (few) 10000 km

Mass of the sun at the size of the earth.

electron Me = 0.51099895000(15)
Planck Mpianak ~= 1017 GeV

nucleon My =1 GeV



Now derive the same for neutron stars.

What do we need to change?



Neutron stars simplified

EFermi ~ EGravity

EFermi/N — NN (nucleon mass)
3 G Mgq M« N=*m3,

5 Rne M2 Rne M2 . Rwe

planck planck

I3 Gravity

with

Rng ~ (few) km
Mg ~ (few)10°° kg ~ M

Mass of the sun within a few km



Neutron stars simplified

EFermi ~ EGravity MPlanck
RNS ~ 9
U,
EFermi/N — TIN'N  (nucleon mass) o o
2 2 2. 2 3
3 GMNS MNS N mN M N MPlanck
EGravity — 5 R ™ M2 R ~ 12 R NS 9
NS planck® VIV.S planck® VIV.S mN

T — P

with

Rns ~ (few) km
Mg ~ (few)10°° kg ~ M

Mass of the sun within a few km






Whlte dwarf mass- radlus curve
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1.4

0.4

0.2

White dwarf mass-radius curve

0.0L——

Solution of full TOV equations
~with free electron gas EOS

Sirius B
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[ ]
----------

1
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Stellar Structure with New Scalars

* Hydrostatic equilibrium equation (include GR effects):

,  GMse _1 D _1 2GM ]! _1 A
b P2 e r VR

e Mass conservation:

M’ = 4nrie
 Axion EOM:
i 2GM 2 | GM ]
o |1 - 20 |1 2rGr? (e — p)
r r r




Stellar Structure with New Scalars

* Hydrostatic equilibrium equation (include GR effects):

p

e Mass conservation:

, GMe |
— ; 1

T

M' = 4mr® |e

 Axion EOM:

2GM

¢// _1

T

» Changed EOS:

e =em(n, my(e))
P — pm(n7 m¢(¢))

2GM ™" _1 { A (p I (¢')° {1
r i M 2
2G' M 2
)@
GM oV
. 2rGre (¢ — p) = 99 - n
+ V(o)
— V(o)

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]

2GM

r

Omy ()

)

0

- ¢/U(¢7 /0)

= U(¢, p)

M., @ proton/neutron mass



Stellar Structure with New Scalars

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]

» Hydrostatic equilibrium equation (include GR effects): [Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]
— —_ — —_ _1 — 3 -
o — GMe 1Ip { 2GM - 47‘(‘7"p
re | el | ro i M

e Mass conservation:

M' = 4xr?e m(a) = my (1 T(;L]zv\f o (%)>
. Axion EOM: o -
0 — @V I nam¢(¢) _ 8‘/6161-‘

0 0o 0

e Changed EOS: ¢ = €m(n, m¢(¢)) + V(¢)
P = pm(n, my(¢)) — V(o)



Punchline

Scalar changes the EOS and sources itself in matter

In large stars gradients are often negligible — algebraic minimization of an
effective potential

This is why new phases / branches appear



Scalar effective potential

Example: Light QCD axion

LS -V(a)—oxNN (Cos (ji) _ 1)



Scalar effective potential

Example: Light QCD axion

LS -V(a)—onNN (Cos (ji) _ 1)



Scalar effective potential

Example: Light QCD axion

LS -V(a)—onNN (cos (%) _ 1)

\

NN%<NN>%TL

v
LS —V(a) —onn (cos (ji) _ 1) — V.g(a)




Scalar effective potential

Example: Light QCD axion

LS -V(a)— aNiN (Cos (%) _ 1)
NN — (NN) =~ n

v

a B = 1 for gcd axion
_ _ — ) —-1) ==V, ) .
LD —=V(a)—onn (COS (fa,> ) fr () << 1 for “light” axion

Combine with axion/scalar “bare” mass: /

Vet = V(@) + em(n,my(9)) ~ (em2 f2 — oyn) ( (—) - 1)

fa



Scalar effective potential

Vet = V(@) + em(n,my(9)) ~ (em2 f2 — oyn) ( (—) - 1)

Light QCD axion

:’w‘ Q NINE



Hook, Huang '17, Balkin, Serra, Springmann, Stelzl, AW ’22

Above a critical density, a new axion minimum appears

Vet = V(@) + em(n,my(9)) ~ (em2 f2 — oyn) ( (—) - 1)

Light QCD axion

fa

0.10F
' —> Scalar field gets sourced at

: finite density
0.05}

= 000
~0.05) 1M > Ne =
05 | O N
~0.10} @
-3 0 n 3
2

;ﬁ‘ Q NIN



Scalar Induced Phase Transition

Phase structure best understood by looking at energy per particle

— SM

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]



[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]
[Balkin, Serra, Springmann, Stelzl, Weiler, 2307.14418]

Scalar Induced Phase Transition

Phase structure best understood by looking at energy per particle

— SM
— NGS
FOPT




[Balkin, Serra, Springmann, Stelzl, Weliler, 2211.02661]
[Balkin, Serra, Springmann, Stelzl, Weller, 2307.14418]

Scalar Induced Phase Transition

Phase structure best understood by looking at energy per particle i
n New Ground State (NGS):
£
lowest — at N«
— SM n
— NGS5 —> ground state of matter
FOPT
"N < TNc - metastable
v &
I c
m??b —_—_______//“\“s

-

new ground state




[Balkin, Serra, Springmann, Stelzl, Weliler, 2211.02661]
[Balkin, Serra, Springmann, Stelzl, Weller, 2307.14418]

Scalar Induced Phase Transition

Phase structure best understood by looking at energy per particle i
n New Ground State (NGS):
£
lowest — at 1«
— SM n
— NGS5 —> ground state of matter
FOPT
" < Nc : metastable
v &
U7
mw ————————'//\s E n — O
lowest — at
new ground state — jump in density as field
becomes sourced




Constraints from White Dwarf Mass Radius Relationship
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Observing New Ground States

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]

SM: continuous prediction M in Msq,
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Observing New Ground States

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]

SM: continuous prediction M in Mg,

1.4 :— SM
With NGS: two branches: -

1 2L - metastable
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Observing New Ground States

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]

SM: continuous prediction M in Mg,
With NGS: two branches: 1'4;_ SM
» @ = 0: metastable 1.2} mass becomes —— metastable
+ ¢ # 0O: stable ol tachyonic — stable
—> gap in radius
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Observing New Ground States: ¢-dwarfs

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]

SM: continuous prediction M in Mo
With NGS: two branches: 1'4:_ SM
» ¢ = 0: metastable 128 o\ — metastable
« @ # 0: stable 1ol | — stable
— gap in radius : |
0.8
0.6 F
Observe WDs in this gap
—> exclusion 0.41
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AXxion parameter space

[Balkin, Serra, Springmann, Stelzl, Weiler, 2211.02661]
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[Bartnick, Springmann, Stelzl, Weiler '25]}

beyond axion-like theories

dy)
int — :
2M?2

E me ¢2?7;€w6

scalar-electron coupling



[Bartnick, Springmann, Stelzl, Weiler '25]}

beyond axion-like theories

d%) 3 dg) 5 -
»Cint — 2M62 me¢2wewe 'Cint ~ QMZ% mN¢ wNwN
1%

scalar-electron coupling scalar-nucleon coupling



Observing New Ground States (general couplings)
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[Bartnick, Springmann, Stelzl, Weiler "25]



Observing New Ground States (general couplings)

[Bartnick, Springmann, Stelzl, Weiler "25]
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White dwarfs beat terrestrial probes (and don’t need DM abundance)

[Bartnick, Springmann, Stelzl, Weiler '25]
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WD mass-radius constraints reach well beyond atomic/nuclear clocks
Clocks require the scalar to be a sizable DM fraction; WD structure does not




Part 2 : Neutron stars become
zombies thanks to the axion







Motivation:

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-

[T

l

P S A

00000
00000
(q\|




Solar Masses\)

Motivation:

Masses Ig the Stellar Graveyard

LIGO-Virgo-KAGRA Holes LIGO-Virgo-KAGRA

I 29
2




NS toy model

Recall our neutron star estimates:

3
M Planck M M Planck

Rng ~

If axion reduces nucleon mass, large effect on M vs R or neutron star, e.g.

m~my/3 —  O(10)




Light scalars coupled to nucleons

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

Matter coupling Opn = gT;LN NN cos (?) F)

m N ¢:O

I >g>0
my(l—g) ¢=m

Effective nucl. mass my = {

What kind of EOS?

1) Mass reduction my <mpy stiffens the EOS

2) Vacuum energy Vv (rf)=2A* softens the EOS

additional energy density gravitates



Light scalars coupled to nucleons

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

gmnN

Matter coupling OpnN = 5 VAV cos (?) ,.2

m N ¢:O
my(l—g) o=

Effective nucl. mass mjy = { 1>g>0

What kind of EOS?

1) Mass reduction my <mpy stiffens the EOS

" N

R T sy Uy a—

additional energy density gravitates



Mass vs. Radius of NS

Bounded m,(0,,) models
Black Hole S
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Masses in the Stellar Graveyard
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Part 3 : Axion emission in SN
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Bound from SN 1987A

Have observed a core-collapse (type II) SN in 1987 in the Large Magellanic Cloud
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Bound from SN 1987A

Have observed a core-collapse (type Il) SN in 1987 in the Large Magellanic Cloud

IMB
Kamiokande Il
Baksan




Bound from SN 1987A

e If new lightly coupled particle gets produced, it could
shorten the duration of the neutrino signal Raffelt, Lect.Notes Phys. 741 (2008) 51-71

Raffelt criterion: Loew < Ly (t =18) ~ 3 x 10°%ergs™*

e For QCD axion, this directly gives constraint on fa

e Uncertainty in SN dynamics and axion production
Bar, Blum, D’Amico ('19)




Axion-Nucleon Coupling: Finite density

N ' N
 Schematic example: | q
|
L@ — D (NN)NS - uN)
TwINN Qf%AX



Axion-Nucleon Coupling: Finite density

N ' N
 Schematic example: | q
|
L@ — D (NN)NS - uN)
TwINN Qf%AX
N

\ /

Background nucleons



Axion-Nucleon Coupling: Finite density

- N | N
 Schematic example: | q
|
£? = P (NNYNS-uN
TNN — 5 F2A ( )( XN

X
/ )
(NN) =n \ /
Background nucleons
Number density

5
(47Tf7r ) 2AX

* Gives contribution to coupling: ~



Axion-Nucleon Coupling: Finite density

N | N
 Schematic example: 4
c? = D (NN)NS-uN
TNN 2f2A ( )( " u ) N

/ /

Background nucleons

Number density

« Systematically via QFT in Real-Time Formalism:

Nucleon propagator at finite density
)

Gk) = kO + i€

26 (k)0 (ks — |F])

—




Axion-Nucleon Coupling: Finite density

N | N
 Schematic example: 4
L@ — D (NN)NS - uN) N
TwINN Qf%Ax \ /
/ Background nucleons
(NN) =n

Number density

« Systematically via QFT in Real-Time Formalism:

Nucleon propagator at finite density Filled ‘Fermi sea'

/
2m5(k)6 (ks — |K)

—

B )
kO + e

i

NR fermion propagator

iG(k)




Axion-Nucleon Coupling: Loop corrections

Corrections to the coupling can be calculated systematically in ( 4:f )
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Axion-Nucleon Coupling: Finite density

1 %4 1%
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Axion-Nucleon Coupling: Finite density

i 1 1
P+DPa p v v
’;;%%;2;=*_#“ﬂ@md9nr~%ﬁﬂ@mdﬁp
N N fa fCL
r<3
Neutron Proton
Ny, = Ny 0.1 Ny, = Ny

-— with density effects

without density effects

_03 — with density effects
_04 without density effects
0.5 | 5 |
00 05 10 15 20 00 05 10 15 20
n/ng n/ng

At finite density A;,>"“(ng) = —0.1(4)(9)

VS. vacuum .Ag,,ivz (O) — 002(5) Stadlbauer, Springmann, Stelzl, Weiler ‘24



Axion-Nucleon Coupling: Finite density

i 1 1
P+DPa p v v
’7’@%\:\ = ——A"=(ky,pa) S - pa — —B"=(kf,pa) S+ p
N N fCL fCL
r<3
Neutron Proton
Ny, = Ny 0.1 Ny, = Ny

-— with density effects

without density effects

_03 — with density effects
_04 without density effects
0.5 | 5 |
00 05 10 15 20 00 05 10 15 20
n/ng n/ng

At finite density A}, "“(ng) = —0.1(4)(9)
Accidental cancellation is lifted, 5x larger!
vS. vacuum A>V4(0) = 0.02(5)

Stadlbauer, Springmann, Stelzl, Weiler ‘24



Stadlbauer, Springmann, Stelzl, Weiler ‘24

Supernova bound revisited

KSVZ axion

Emissivity Luminosity

— Tree level

— Tree level

Lo f7 [(erg/s)MeV?

— Full result

— Full result
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Stadlbauer, Springmann, Stelzl, Weiler ‘24

Supernova bound revisited

KSVZ axion
Emissivity Luminosity

1011_

— Tree level — Tree level

L, f2 [(erg/s)MeV?]

— Full result

— Full result

10°
0 2 4 6 8 10 12
r km]
Tree level: fo 261117 x 10°GeV, m, <9.8750 meV.

Vertex corrections: fa 2 1.01’8:3 x 10° GeV, mq < 5.95:8 meV.



Where we need nuclear input

 We used HBYXPT + finite-density corrections — big effect
already.

* At higher density the expansion breaks down. Opportunity
for nuclear QCD experts (theory & experiment)

* Need: reliable response for SN, NS cooling, mergers.

HELP
WANTED

BSMNA '




Conclusions

* The Big Question: Is the Standard Model completion natural? What is it?

* The Third Frontier: Beyond Energy and Intensity, we must explore Density.

 White Dwarfs and Neutron Stars are not just graveyards; they are controlled
experiments for finite-density QFT.

* Density can trigger phase transitions and destabilize the vacuum.

 The Future: Precision astrometry + Gravitational Waves = A new era for Nuclear-
Particle physics.

* We need your help to understand QCD at extreme densities to sharpen the
sensitivies
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