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Outline

* Strong CP Problem, QCD Axion, couplings

* How to make axions in the expanding universe
* Astrophysical Limits

* Lab limits

* Cosmological limits [+BICEP2!]



The strong CP problem

*  Strong interaction violates CP through 0 -vacuum term
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* Limits on the neutron electric dipole moment are strong. Fine tuning?

d, ~1071% 9 e cm
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Axions solve the strong CP problem

* Strong interaction violates CP through 6 -vacuum term

0g°  ~
3272 GG

* Limits on the neutron electric dipole moment are strong. Fine tuning?

Lopy =

d, ~ 1071 @ e cm
o <1071

* New field (axion) and U(1) symmetry dynamically drive net CP-violating term to 0
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* Through coupling to pions, axions pick up a mass
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AX10n mass



Two-photon coupling of axion

Channel 1 : Channel 2
: .9
A R { <
 q
* Axions interact weakly with SM particles F, g 042
* Axions have a two-photon coupling
_ 3o £ 2
Jayy = 87 fa k= E :Qz
4 24+ 2
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* ¢ is model-dependent and may vanish

§=5{E/N —1.92+0.08}

KSVZ: E/N =0 (or 0)
DFSZ: E/N = 8/3




2 axion populations: Cold axions

kK Before PQ symmetry breaking, ) is generically displaced from vacuum value

€ EOM: §+3HB+m(T)8=0 ma(T) =~ 0.1my (T = 0) (Aqen/T)"
Kk After m, (T') 2 3H (T'), coherent oscillations begin, leading to n, o« a™°

X Axions are cold p < mc



Dark matter axion abundance

* QCD axion couples to quarks/pions, temp-dependent mass

* High-temp regime

Agcp
T

4
ma = 0.02m 7= ( ) if T > Aqcp

* Low-temp regime m, = m{T=% if T < Aqcp




Anthropic axion window: f, > max {Try, H; }

* Axion field 1s relatively homogeneous

—2 H[ :
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* Abundance



Anthropic axion window: f, > max {Try, H; }

* Axion field 1s relatively homogeneous
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/

Misalighment in our Hubble Patch

* Abundance



Anthropic axion window: f, > max {Try, H; }

* Axion field 1s relatively homogeneous

9 —2 Hj : Vacuum fluctuations from
<6’ > =0 + *—__inflation

De Sitter expansion imprints
scale invariant fluctuations

* Abundance

From Raffelt 2012



Anthropic axion window: f, > max {Try, H; }

* Axion field 1s relatively homogeneous

—2 H[ :
) =0+ (5ef;)

* Abundance

0, h? ~ 0.43 Ja . H?
1012 GeV ’

Q. h% ~ 0.005 fa i 62
1012 GeV '

* 5 can be tuned to get DM abundance for many axion masses




Classic axion window: f, < max {TRH, Hi}

* Axion field 1s very inhomogeneous

* Defects [domain walls, strings, etc..]

O(l) 5 (defect 5 0(102)

* Abundance

10



Classic axion window: f, < max {TRH, Hi}

* Axion field 1s very inhomogeneous

* Defects [domain walls, strings, etc..]

O(1) £ defect S O(10%)
CONTROVERSY!

* Abundance
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Hot axion production at early times

103§ '

Axion Production:

102k
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T (in MeV)

* Axions produced through interactions between non-relativistic pions
in chemical equilibrium with rate




Axion hot dark matter

* Axion free-streaming length
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Yes we can look for the “invisible axion”
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Cavity searches [e.g. ADMX]  Images from Wong 2012

* Magnetized RF Cavity * Power

Volume . ) » Quality factor
AV Bp, 0 ~21
Power=g_, TN 10 © Watts

a

Axion energy density

* Ax10n excites cavity
(TEM) modes [cavity

must be tuned]

_ 2
B, = myc




Cavity limits and context

Laser exps.




Cavity limits and context

Laser exps.




Cavity limits and context

Laser exps.

. ALP hints ;:':3312: N
10

uave cavities (ADMX)




Making axions 1n stars, |

* Primakoff process

PRIMAKOFF

EFFECT

* Lifetime of our own sun/Solar luminosity/helioseismology
Impose constraint

Jary ST =3 %1077 GeV™ !
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Axion helioscopes

* Backwards Primakoff process (Sikivie, Zioutas, and many others)
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Axion helioscopes

* Backwards Primakoff process (Sikivie, Zioutas, and many others)
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Axion helioscopes

* Resonance condition

gL<t = \/myz—

2nE

a

L

<ma<\/my2+

2nE

a

L

* Broad axion energy spectrum

2 4
Axion energy [keV]
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8
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CAST/IAXO

* CAST » LHC test magnet (B =9 T, L=9.26 m)

LHC test magnet
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* TAXO proposal: 15-20m length magnet, optimized shape
[not LHC DUD]
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Making axions in stars, 11

H 1 1 I I 1 1 1 1 I 1 1 1
I " [sochrones for
: 14 Gy, [Fe/H] =

¥ _ .
_ White
- Dwarfs

Horizontal Branch 0 2 3
Horizontal Branch NN cold, rec q

From Raffelt 2012

I

Jarry S 10710 GeV ™!




Making axions in stars, 11

H
M
5
Asymptotic Giant

Particle emission reduces
helium burning lifetime,
i.e. number of HB stars
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e Particle emission delays
helium ignition, g

e Tip of RGB brighter

2 Main-Sequence

3
cold, red

From Raffelt 2012

Jarry S 10710 GeV ™!



Making axions 1n (exploding) stars, 111
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Making axions 1n (exploding) stars, 111




Making axions in degenerate stars, IV

* WDs are remnants of 1 M main — sequence stars
* Axio-electric coupling provides additional cooling channel

E,a«@{i

e

' %f i DA WDLF 1
DeGennaro+'07 .
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Laser experiments

Light shining through walls (e.g. GammeV)

A photon
Yoy QR L NI PV, 9%,  gmnm Co, 0"
4’,: SRR AR LN * i*' >
photon ﬁ ﬁ photon
source detector




Other methods

* Spectra of magnetic white dwarves [New]
* Extragalactic background light

* Pulsating white dwart seismology [New]
* Dimming of gamma-ray blazars [New]

* Two-photon decays 1n galaxy clusters

* Light degrees of freedom at BBN [New]
* Helioscope 1n space [New]

* Oscillating electric dipole moments of nucleons [NEW]
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AXx10ns carry 1socurvature

*If PQ symmetry broken during/before inflation

- Quantum zero-point fluctuations!

*Subdominant species seed isocurvature fluctuations

28



SACHS WOLFE-EFFECT & POWER SPECTRA
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* Planck TT constraints

P
%0 < 1.6 x 1072
Ptot




[LLAST AXIONIC STAND BEFORE BICEP2

(Gondolo 2009):

ADMX axions still viable if low-scale inflation
or in classical window
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BICEP?2 [inflationary energy scale detected?]

Axion Isocurvature
Fluctuations
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* Hard to accomodate QCD axion DM w/o defects! [Marsh
+yours truly+others 2014, Gondolo et al. 2014] 31
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A new scale for perturbed scalars

X Perturbations obey

*Structure suppressed when
k> ky ~vVvmH

*Scales are very small for QCD axion
A~ 10" em

What about lighter axions?

33



Light axions and string theory

*String theory has extra dimensions. compactify (6)!

*Form fields and gauge fields: "Axion’ 1s KK zero-

mode of form field
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e I B
J— aG(G
, ;5§\\\“‘||llllllllln',',’ll,,"¢-}

,- /2258
Vo> L eI XN
{ i','l""“,'ni i’é’;ﬁé'ii‘&"‘i":“s“:w\} 'x m
Viiytage! snannwaSgely /




Axiverse! (Arvanitaki et al. 2009)

* Calabi-Yau manifolds

Many 2-cycles >-

Hundreds!

* Mass from non-perturbative physics

(instantons, D-branes)

4 M
2 _H s pl
My =—75€ fa X 5
a

Many decades in mass covered!
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Axiverse! (Phenomena)

Anthropically Constrained
CMB

Polarization Inflated

Black Hole Super-radiance Decays Away

f f f f

10733 4 x 10728 ‘ 3 x 10718 ‘ 10°

— 2 X 1072° 3 x 10710
m=Ho X 10
. . axion
Axion Mass 1n eV Q

X Birefringence (Faraday rotation), model dependent:
oF - B
fa

*Decrement in matter power spectrum for

L o

[k > kg~ \/TYLIHJ
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Effective fluid approximation

*Computing observables is expensive for m > Hy:

*Coherent oscillation time scale

An ~ (ma)”" < Ancams

XAnsatz J¢ = A.A.(k,n) cos (mn) + A;A(k,n)sin (mn)
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CMB anisotropy power spectra

increasing m,

102

Multipole ¢

Power spectra may now be quickly computed for 15
orders of magnitude in axion mass!
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Getting under the hood: The need for numerical care
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Getting under the hood: The need for numerical care

0o =3H |[wg — 1], — (1 4+ wy) (kma — h)
W kd,

.a:_ 1 — al Ya a
) SH |1 — 3w,|v (1+ww)v AT w)

W = — 3H (1 + wy) [cgd — wa]
) _Pa B - 2mga (1 — wy)
Cod — = — —1 4 -
Pa H ( + wa,)
)q = — SHpa (1 T wa)

S
|
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Getting under the hood: The need for correct (super-horizon) initial conditions

T T I T T T
'vanilla_scalCls.dat'

'test2_scalCls.dat'
'test3_scalCls.dat'
'test4_scalCls.dat'




Getting under the hood: The need for correct (super-horizon) initial conditions

Synchronous gauge 00-Einstein

izocn

30R

- 3a°AJ,

a2
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Getting under the hood: The need for correct (super-horizon) initial conditions

Synchronous gauge 00-Einstein

Perrotta and Baccigalupi, astro-ph/9811156
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Getting under the hood: The need for correct (super-horizon) initial conditions

Synchronous gauge 00-Einstein

Perrotta and Baccigalupi, astro-ph/9811156

NOT KOSHER!
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Getting under the hood: The need for correct (super-horizon) initial conditions

- 0
Synchronous gauge 00-Einstein h o< - 3a%Ad,
>4
Perrotta and Baccigalupi, astro-ph/9811156 /5 ~ @
T2
NOT KOSHER!

Solve Eigensystem and expand systematically
AU
dlnx

Bucher, Moodley, and Turok, PRD62, 083508, sol’'ns can be obtained using this
technique, outlined in Doran et al. , astro-ph/0304212 40

— (A0+A1J?+---An$n)ﬁfg



Matter power spectrum
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FIG. 1 (color online). Adiabatic matter power spectra, with
varying axion mass m, = 1072, 1072, 1072, 1072’ eV at
fixed density fraction ),/Q,; = 0.5 (dashed) and varying
Q./Q,=0.1, 05, 1 at fixed m, = 107 eV (solid). Spectra
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Matter power spectrum
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Adiabatic matter power spectra, with
varylng axion mass m, = 10728, 10726, 1072, 1072 eV at
fixed density fraction ),/Q,; = 0.5 (dashed) and varying
Q./Q,=0.1, 05, 1 at fixed m, = 107 eV (solid). Spectra
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Matter power spectrum

decreasing m,
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FIG. 1 (color online). Adiabatic matter power spectra, with
varylng axion mass m, = 10728, 10725, 1072, 1072 eV at
fixed density fraction ),/Q,; = 0.5 (dashed) and varying
Q./Q,=0.1, 05, 1 at fixed m, = 107 eV (solid). Spectra




Matter power spectrum
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We may now probe ultra-light axions and the axiverse

with an MCMC covering 15 orders of magnitude in
axion mass H




The axiverse and the scale of inflation

* Tensor mode amplitude set by inflationary energy scale

k3P, 8<H1/Mp1>2 BPr 1 (HI/Mm)Q(k)”Sl

72 I o2 ¢ I ko
kPs (M ’ ¢\ _ 6H3Q,
D2 2T M, mZa?...
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The axiverse and the scale of inflation

* Tensor mode amplitude set by inflationary energy scale

kP, _ o (Hi/My o KPr 1 (H/Mu\ (kN
ow2 27 22 ¢ 27 ko

kPs _, ( Hi ’ ¢\ _ 6HEQ,
272 2T M,

23
mMaQosc
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The axiverse and the scale of inflation

Komatsu al. 2008/2011 find
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The axiverse and the scale of inflation

Komatsu al. 2008/2011 find

Stay tuned for MCMC constraints to the axiverse!
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The axiverse and the scale of inflation

* Compare with (in usual scenario)

2/7
r~5x 1071 <&) /

Komatsu al. 2008/2011
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Preliminary adiabatic results

0.1

Convergence and climbing contours required MCMC with
nested sampling instead of Metropolis-Hastings!

Old power spectrum constraints from Amendola and Barbieri, arXiv:hep-ph/0509257



Amendola and Barbieri
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Old power spectrum constraints from Amendola and Barbieri, arXiv:hep-ph/0509257
1) Grid search
2) No isocurvature
3) No marginalization over foregrounds
4) No lensing, no polarization
5) No real Boltzmann code [step in power spectrum, or unclustered DE at low m]



