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Axions & axionlike particles

10~ 3cem

Order of magnitude guess
for neutron EDM ~ 10~ "¢ cm

Strong CP problem: Why is © so small?
Theoretically, neutron EDM ~ ~ © 107 '%¢ c¢m

Experimentally, neutron EDM < 10~ %%¢ cm

Peccei-Quinn mechanism can solve the problem

Broken U(l)pQ : (:) — (:) — i

a

a is locked at the potential minimum O f,
@ is a new type of particles, called axions

9
My = 5.7 (10 Jf}eV) meV

String theory predicts a landscape of pseudoscalars
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AXxion constraints
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Axion mass range in astrophysical probes

Supernovae S
Neutron stars

White dwarfs
Horizontal branch stars, Red giants S

Sun

10° 10° 109 10? eV

Astrophysical constraints apply for axions with a mass <« T



Neutron star cooling 101
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outer envelopes (e Z)
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PND ~ 4 x lollg/cm3

po ~ 3 x 10*g/cm?

(0.3-0.5) km

Stars with mass 10 — 25M,

!

Supernova T ~ 102K ~ 100MeV

N

y

Nascent NS 7 ~ 101K ~ 10MeV

\
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Direct URCA
or

Modified URCA

n—p+e 4+,

n+n—-n+pt+e +1,
n+p+e —n+n-+r,

T ~ 108K ~ 10keV

l Thermal radiation of photons



Fermi surface for degenerate particles

Typical Fermi kinetic energy
at p~ 10°gm/cm?

Fermi surface
E, ~ 180MeV

Ep ~ 20MeV
E. ~ 160MeV

&, ~ 60MeV P

(assuming my = 0.8my)

Figure adapted from Matteo Baggioli (2016)



Constraining axions with neutron star cooling

Energy output / time / volume Fermi-Dirac distribution
fa=1)
6/2 / dp1  d’py  dpy dpy  dpa E"\fl i
“ (27)32E; (27)32E, (27)32E] (27)32E), (2n)32E,  °

x (1= 1)1 = f3)(2m)*6* (p1 + p2 — Py — Py — pa) Y IM[?

| ; ) spins T

Pauli blocking factors

To be consistent with NS cooling f(E)

observations, we require €a < &y 1—- f(E)



Lepton flavor violation

/ Why? \

* No compelling reason for zero LFV

* Radiative corrections

* No exact global symmetry is
expected in quantum gravity

N /
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Lepton flavor violation

L= eta Br(pu — ea) ~ 7.0 x 1015g§w

l=e,p
I+ f—=U+f+a 4 U'=pe
| f=pen




Lepton flavor violation

RELY

@ I+ f =l +f+ad I'=pe
| f=Dpep

PFe — PF,
Momentum threshold: Pr.f > - 5 a
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AXIon emissivity
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Muon Fermi velocity Br, = pr / Er,

(assuming my = 0.8my) 12



Brute force calculations

p [10Mg cm™?
4.6 5 6 8§ 10 1525 60
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07 72 109K |, gae, = 10712 :

Monte Carlo integration based on the VEGAS algorithm
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Constraints on the LFV coupling

|9aep| % (GeV]| Br(p — ea) | mg [MeV] Experiment
<3.0x107°|> 3.5 x 10 < 1.0 <1 NS cooling
<8x1071 | >1x10% | <4x10°° < 50 SN 1987A, pu — ea
<42x107">25%x10%|<1.3x 1072 <1077 Cosmology, AN.g
<29x1071%>3.7x10%|< 5.7 x 107*| 103 — 105 Rare muon decay
<2x1071 | >5%x10% | <3x10°4 < 104 Rare muon decay
<2x107'% | >6x10° | <2x107* [98.1 —103.5 Rare muon decay
<1x107" | >9x10% | <1x 10 * |47.8 —95.1 |Rare muon decay (PIENU)?
<55x107">1.9x107|<2.1x107°| <13 |Rare muon decay (TWIST)
<4x1071 | >3x%x10° | <9x107° < 50 SN 1987A, If = U'fa
<1.9x107M"|>55x107|<26x107° <10 Rare muon decay

2fa/Caep = (Me +Mpu)/Gaep



Summary

S—

NS cooling
Direct URCA, modified URCA, thermal radiation, ...

Emission of LFV axions from NSs
» Fermi surface approximation
» Monte Carlo integration

» Emission rate o« T8

Upper limits on LFV coupling
» 3x10° (modified URCA), very weak limits
» 4x101 (SN 1987A), competitive with the best lab limit

More directions in the future?

» Baryon number violation

» Modeling the cooling history of NSs

» Constraints within established SN 1987A models
» Dark matter axions
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