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Abstract: <span>l will review the theoretical motivations for axion and axion-like-particles. | will then discuss bounds on such particles and
highlight ways to experimentally probe them.</span>

Pirsa: 14060025 Page 1/38



Parity-breaking E/B correlations from
chiral gravitational waves

(Lue, Wang, MK 1999; Gluscevic, MK 2010)
Modify Einstein-Hilbert action,

R— R+ f(®)RR
then t evolution of inflaton phi gives asymmetry

between right-circular polarized GWs over left (Lue et
al, 1999)

Or R/L asymmetry may also

arise in chiral gravity
(Contaldi, Magueijo, Smolin 2008)

Either way,

asymmetry gives rise to E/B correlations
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Axions
The Past, the Present and the Future
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The QCD Axion

Non-perturbative QCD effects violate pure goldstone nature of the OCD axion

scalar interactions set by the QCD scale, but suppressed by |

Mg ~ AEE"‘" ~, (200 MeV)2

s o~ MH (&TLL)

1

Lab acce * leng :
cessible length scale. Engbles o vanety ol experimental probes
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Strong CP

LOOGAG createsanucleon EDM  d~3x 10" 0ecm

experimentally # < 10
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Axion Dark Matter

A Simple Mechanism

(Misalignment Mechanmism)

Field hos some mitial value i the early universe, a(t) ~ (1 COS (1 t)
oscillations carry energy density, natural dark matter
| Preskill, Wise & Wilezek, Abott & Sikivie, Dine & Fischler (1083)
)

K

o

Axion casaly produces correct abundance P = PpM

Other mechamsmis such as coherent radiation of axions from

COSITIC SIrings are possible
Can domn

nate over misalignment production in some parts

Ol parameter Space

QCD Axion; Easy to get, solves strong
CP, dark matter candidate
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Rigorous Constraints

Goldstone boson == all interactions suppressed by /

rJ,al
/

|
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Rigorous Constraints

Goldstone boson == all interactions suppressed by /
/), (1

J
| a1

Light particles can be produced in stellar eny ronments, affecting

measured properties (e.g. cooling)

Bounds depend upon mass and interactions

For QCD axion, mass set by QCD. f,

« 15 the only parameter

- . ; ,
2D parameter space (ma, fu) for axion like particles

Page 8/38
Pirsa: 14060025



Stellar Constraints

Typical Globular Cluster H-R Diagram
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G. Raffelt, PDG
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Stellar Constraints

Typical Globular Cluster H-R Diagram
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Kamiokande 11 Horizontal Branch stars

Burst duration and number of events Observations of globular clusters

Basically rules out axions w ith mass < 60 MeV and i< 10° GeV

Tiny gap around f, ~ 10¢ GeV for hadronic axion

Shghtly stronger constraints on very light axions (m, < 10 eV)

from absence of gamma rays from SN1987A

G. Raffele, PDG
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Axions and the CMB

Assuming BICEP detected gravitational waves in the

CMB (some tension with Planck)

Hinp~ 101 GV

ihsymmetry broken afier inflation —» topological defects (strings -+ domain walls), constrained
by observations
1l symmetry broken belore mflation

* nflation can induce 1socurvature perturbations ol
weaker constraint on ALPs

dxion,
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Axions and the CMB

Assuming BICEP detected gravitational waves in the

CMB (some tension with Planck)

Hine ~ 10M GeV

1hsymmetry broken after inflation — topological defects (strings - domain walls), consirained
by observations
il symmetry broken before mflation — inflati

on can induce isocurvature perturbations of axion,
weaker constraint on ALPs

38
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QCD Axion and BICEP

Need a high temperature, transient mass, sometime before
QCD phase transition.

Need not be on during inflation.

Axion oscillates earlier,
2/ damps to high temperature
minimum.

| (0]

Misalignment of minima gives axion dark matter.

Dark matter from choice of parameters instead
of initial conditions,
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QCD Axion and BICEP

Need alhigh temperature, transient mass.|sometime before
QCD phase transition.

2

Cl

Fischler & Preskill (1983)

e ¢ Kaplan & Zurek (200%) Jeong & Takahashi (2011 G Dvaly (1005

Bound depends upon high energy physics, while strong CP

axion dark matter rely upon low
enerey physics

QCD axion offers unique probe of high cnergy cosmology,

anera difficult even for Eravitational wave detectors
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fu (GGV) The Bottomline

QCD Axion dark matter
|
v L/

Model dependent bounds

on QCD axion

|

”|JII
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Lab Only

Light Shining Through a Wall

a . a = =
Ya Ja

Axion-photon oscillation

Enhanced in high Q cavities

ALPS ll:g. < 10"'GeV for m, < eV
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Astro + Lab
Sun Shining Through A Wall

Sun produces axions.
Axions converted to photons in a magnetic field
CAST: g ~ 10'°GeV for m, < eV

Can probe up to ~

keV axion masses. Oscillation length suppressed
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Cosmo + Lab

Axion Dark Matter

Resonant conversion of
cosmic axion to photon

microwave cavily (ADMX)

Axions with mass ~ GHz,
fa~ 10" 1012 GeV
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Experiments

New Ideas
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Overview

Super-radiance can be extremely efficient in certain extremal rotating
astrophysical systems, if there are light massive bosons (e.g. axions) that
are coupled to the star.

Observations of such rotating objects constrain such particles.

Statistically significant gaps In rotation rates may imply existence of such
particles.

Previous work limited to black-holes

A Arvanitaki et.al (2009)
Gener

al instability, could also use milli-second pulsars,

SR (in progress)
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Super-radiance: The Kinematics

Some stellar excitation
(e.g. eddy currents, phonons)

Star Q

Solve for E
ExmQ-E >0

Photons of arbitrarily high energy can be emitted provided the ang

High angular momentum => mode localized far from star

=> suppressed coupling.

ular momentum is also high.
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Massive Particles and Massive Stars

Particle of mass p, star of mass M

‘ .
Gravitationally bound states at ry ~ = :

G M 2
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Rotating Medium

Particle W, mass p, medium rotates at 2

O + p*W + Cv*Vo U + Vogp () = 0
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Region of Growth

E]_\‘lh‘-"",l'““‘ {IH.JI'I.' \'\'iI}I ]:(;}H !*”ll”"\ /ot T R Ly
= G A

|

[} ’ - . AJ,I ) ~ .F L J 2 :'
nilm (”I . AT ((.‘.l”“)

Pirsa: 14060025 Page 25/38



Pirsa: 14060025

Efficient Super-radiance

For super-radianci

Very low mass, lowest angular
moementum mode 15 super-
radiant

High mass, only large angular
momentum modes are super-
radiant.

Large Bohr-radius Large Bohr-radius.

efficient. 4
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Extremal Objects
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Superradiance

Extremal Black Holes Millisecond Pulsars

. ‘ Absorption through non-gravitation
Absorption by gravity T

Spin measurement is an evolving Spin and orbital issues
field, subject to ;strophysmal well measurad
modeling

: Known clean systems
Systematic: Unknown close

orbiting companions Good for particles that couple to

number density (dark hotons
One clean measurement in one Y (d: P ns)

clean system is good For axions, bounds depend on

internal magnetic fields
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Superradiance

Extremal Black Holes Millisecond Pulsars

: ‘ Absorption through non-gravitation
Absorption by gravity T, "

Spin measurement is an evolving Spin and orbital issues
. . ©
field, subject to qstrophysmal well measured
modeling

) Known clean systems
Systematic: Unknown close

orbiting companions Good for particles that couple to

number density (dark photons)
One clean measurement in one

clean system is good For axions, bounds depend on

Internal magnetic fields
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Superradiance

Extremal Black Holes Millisecond Pulsars

; ‘ Absorption through non-gravitation
Absorption by gravity -
Spin measurement is an evolving Spin and orbital issues
field, subject to astrophysical Weillmeastced
modeling

' Known clean systems
Systematic: Unknown close

orbiting companions Good for particles that couple to

number density (dark hotons
One clean measurement in one Y P )

clean system is good For axions, bounds depend on

internal magnetic fields

Page 30/38
Pirsa: 14060025




Extremal Objects

Largest M. R consist
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Beyond Axion-Electrodynamics

(GeV)

Axion dark matter in most models: £ D

ixion-photon conversion suppressed 0 —

/ :
S0
S1ze ol cavity increases with f

sipnanl O ——

1l

Physical effects
[ ects alway yesse . /
3 § suppressed by powers of the axion's complon wavelengtlh

H,Iu

pressed by size of experiment/axion wavelength

Other w: sarch f
her ways 10 search for lght (high £,) axions?
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A Different Operator For Axion Detection

S0 how can we deteet high /£, axions?

Strong CP problem: £ o ()(?ﬁ' creates a nucleon EDM d~3 x 1071% fecm

a -
theaxion; £ —GG  creates a nucleon EDM d ~ 3x 10" El ecm

ff:

a
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A Different Operator For Axion Detection

S0 how can we detect high /, axions?

Strong CP problem: £ 5 OGE-;' creates a nucleon EDM d~3 x 1071% fecm

a ~ (44
theaxion; L2 —GG  creates a nucleon EDM  d ~ 3ixi 1050 =g cm

fﬂ

a

(200 MeV)*
fa

a(t) ~ apcos (mgt)  with My ~

16 (v,
-vMHz(IU GLV)

a

cm

xion dark matter PDM ™~ Ul’iﬂ.z £t (EUOIVICV)l (}i)- ~ 0.3 oY

o

v 1ol = 3 =
S0 1oday 7 ~3x10 independent of /,

a

axion gives all nucleons an oscillating EDM (kHz-G 12) independent of

anon-denvative operator
5)
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NMR Technique

high nuclear spin orientation achieved in several systems, persists for 77 ~ hour
. wiSN o »
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Axion Wind

/IUH “wind" Va

use nuclear spins coupled 1o axion DM

gaxN (Oua) Nv#ysN — Hy > gannVa. Sy
cliects suppressed by v ~ 10

Stmilar 10 EDM experiment but no Sehill suppression, no E-field (polar erystal)

makes a directional detector for

axions (and gives annual modulation)

also works for any other spin-coupled DM (ep. d

ark photon)
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Limits on Axion-Nucleon Coupling

Irequency (Hr)

1 [

SN IOHTA

phase |

ALF DM

9axN (9u0) Ny v N
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1() U
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= Year 1o scan one decade of frequency

55 i
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