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The strong CP problem
Strong interaction violates CP through    -vacuum 

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

uh
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Axions solve the strong CP problem
! Strong interaction violates CP through    -vacuum 
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! Limits on the neutron electric dipole moment are strong. Fine tuning?
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! New field (axion) and U(1) symmetry dynamically drive net CP-violating term to 
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! Through coupling to pions, axions pick up a mass
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Two-photon coupling of axion
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Axions interact weakly with SM particles

Axions have a two-photon

is model-dependent and may vanish
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2 axion populations: Cold axions

! Before PQ symmetry breaking,     is generically displaced from vacuum value

! EOM:

! After                               , coherent  oscillations begin, leading to

! Relic abundance

! Particles are cold

�̈ + 3H� + m2
a (T ) � = 0 ma (T ) � 0.1ma (T = 0) (�QCD/T )3.7

ma (T ) � 3H (T ) na � a�3

�

�ah
2 ⇥ 0.13� g (�0)

�
ma/10�5eV

⇥�1.18✴   Axions are cold
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Dark matter axion abundance
✴ QCD axion couples to quarks/pions, temp-dependent mass

✴ High-temp regime

✴ Low-temp regime 
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✴ Axion field is relatively homogeneous

✴ Abundance 

✴     can be tuned to get DM abundance for many axion masses

✴ Abundance 

  Anthropic axion window:

Misalignment in our Hubble Patch

Vacuum fluctuations from 
inflation

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012

Creation of Adiabatic vs. Isocurvature Perturbations

Inflaton field Axion field

Slow roll

Reheating

De Sitter expansion imprints
scale invariant fluctuations

Inflaton decay  → matter & radiation
Both fluctuate the same:
Adiabatic fluctuations

Inflaton decay  → radiation
Axion field oscillates late  → matter
Matter fluctuates relative to radiation:
Entropy fluctuations

De Sitter expansion imprints
scale invariant fluctuations

From Raffelt 2012
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 Classic axion window:  
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✴ Axion field is very inhomogeneous

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

✴ Abundance Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012

Axion Production by Domain Wall and String Decay

CONTROVERSY!
From Hiramatsu 2012



✴ Power✴ Magnetized RF Cavity

Axion helioscopes [CAST, Tokyo Axion Helioscope, IAXO]
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Cavity searches [e.g. ADMX]

  

● Detect CDM axions clustering in the Galactic halo.

● Nonrelativistic axions conversion to photons:

        → Immerse microwave cavity (tuned to match      
             axion mass) in a magnetic field.

– Power transferred:

  

Axion haloscopes... Sikivie 1983

Power=ga γ
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✴ Axion excites cavity 
(TEM) modes [cavity 
must be tuned]

Images from Wong 2012

Brief)history)and)status)of)ADMX)

•  Covered)octave))1.9)1)3.6)µeV)
–  KSVZ)sensilvity,)mid1model)band)

•  TSYS)=)TP)+)TN)=)1.3)+)1.5))~))3K)
–  Pumped)SHe)

–  HEMT,)and)now)DC)SQUID)amps)

•  Search)for)virial)&)late1infall)axions)
–  Medium1res)&)High1res)analyses)

•  No)axion)yet)…)

ADMX)will)soon)achieve)DFSZ)sensilvity)in))1110)µeV))range.)))
ADMX1HF)launched)2011)for)first)look)in))101100)µeV))range.)



Making axions in stars
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✴ Primakoff process

✴ Lifetime of our own sun/Solar luminosity/helioseismology 
impose constraint

Patras Workshop, Mykonos, 
June 2011

Igor G. Irastorza / Universidad de 
Zaragoza
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AXION motivation 

� Strong CP problem: why strong interactions seem 
not to violate CP?
– CP violating term in QCD is not forbidden. But neutron 

electric dipole moment not observed.

� Natural answer if Peccei-Quinn mechanism exist.
– New U(1) global symmetry Æ spontaneously broken.

PRIMAKOFF 
EFFECT

� As a result, new pseudoscalar, neutral and 
very light particle is predicted, the axion.

� It couples to the photon in every model.

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012

Solar Axions

Sun

Globular Cluster Supernova 1987A Dark Matter



Laser experiments

Patras Workshop, Mykonos, 
June 2011

Igor G. Irastorza / Universidad de 
Zaragoza

73Seminar UB, Barcelona, 23 April 
2009

Igor G. Irastorza / Universidad de 
Zaragoza 73

“Laboratory” axions
� The existence of the axions (or axion-like 

particles) can manifest in the laboratory:
– “Light shinning through wall” or “photon 

regeneration”

– Other more “subtle” effects Æ polarization 
experiments…

photon
source

BB

axion photon

WALL

photon
detector

Light shining through walls (e.g. GammeV)

Polarization experiments (e.g. PVLAS)

Patras Workshop, Mykonos, 

June 2011

Igor G. Irastorza / Universidad de 

Zaragoza

74Seminar UB, Barcelona, 23 April 

2009

Igor G. Irastorza / Universidad de 

Zaragoza 74

Laser polarization experiments

� Standard effect: vacuum 
magnetic birefringence
– QED predicts that vacuum 

must show a (very small) 

birefringence when a 

magnetic field is applied

– In particle physics language, 

polarized photons interact 

with the B field by means of 

this loop, provoking a phase 

out with respect 

perpendicular polarization 

(=ellipticity)  
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Limits and horizon

Patras2013, 24-28 June 2013, Mainz Biljana Lakić 15 

Conclusions 
 CAST provides the best experimental 

limit on axion-photon coupling 
constant over a broad range of  axion 
masses. 

 After completing the original 
program, CAST is looking to improve 
the vacuuum results, and study other 
exotica.  

 CAST Collaboration has gained a lot 
of experience in axion helioscope 
searches.                                        

 Future helioscope experiments 
(IAXO) and Microwave cavity 
searches (ADMX) could cover a big 
part of  QCD axion model region in 
the next decade.      
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Other methods

✴ Spectra of magnetic white dwarves [New]

✴ Extragalactic background light

✴ Pulsating white dwarf seismology [New]

✴ Dimming of gamma-ray blazars [New]

✴ Two-photon decays in galaxy clusters

✴ Light degrees of freedom at BBN [New]

✴ Helioscope in space [New]

✴ Supernovae 1987a

✴ White dwarf luminosity function

✴ Oscillating electric dipole moments of nucleons [NEW]
14



✴If PQ symmetry broken during/before inflation

Axions carry isocurvature
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p
ha2i = HI

2⇡
Quantum zero-point fluctuations!

⇣ / ⇢a
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✴Subdominant species seed isocurvature fluctuations
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✴ Isocurvature probes quantity

✴Tensor mode amplitude set by inflationary energy scale

The axion and the scale of inflation
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✓
HI
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◆✓
⌦a

⌦d

◆

... story laid out by Fox, Mack, Steinhart, Hertzberg, 
Wilczek, Gondolo [and others]



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

↵
ax

. 0.1

Komatsu al.  2008/2011 (WMAP) 

r ⇠ 5⇥ 10�12

✓
⌦c

⌦a

◆2/7



✴ Planck TT constraints

SACHS WOLFE-EFFECT & POWER SPECTRA
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Adiabatic



LAST AXIONIC STAND BEFORE BICEP2
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Adiabatic
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FIG. 1: Region of axion parameter space where the axion is 100% of the cold dark matter. The

axion mass scale on the right corresponds to Eq. (2) with U(1)PQ color anomaly N = 1. When

the PQ symmetry breaks after inflation (fa < HI/2π), the axion is the CDM particle if fa =

(7.27 ± 0.25) × 1010 GeV, or ma = (85 ± 3) µeV, which is the narrow horizontal window shown

on the right (we plot a 3σ window to make it visible). If the axion is present during inflation

(fa > HI/2π), axion isocurvature perturbations constrain the parameter space to the region on

the top left, which is marked by the values of θi necessary to obtain 100% of the CDM density.

Other bounds indicated in the figure come from astrophysical observations of white dwarfs cooling

times and the non-observation of tensor modes in the Cosmic Microwave Background fluctuations.

Dashed lines and arrows indicate the future reach of the PLANCK satellite and the ADMX and

CARRACK microwave cavity searches.

energy scale of [30]

fa > 4 × 108GeV. (42)

Assuming N = 1 in Eq. (2), this corresponds to ma < 15 meV.

The line

fa = TGH = HI/2π (43)

(Gondolo 2009): 
ADMX axions still viable if low-scale inflation
or in classical window



✴ Hard to accomodate QCD axion DM w/o defects! [Marsh+yours truly
+others 1403.4216 (2014), Gondolo et al. 2014 1403.4594]

BICEP2 [inflationary energy scale detected?]
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3

where the entropy density with g⇤S(T ) degrees of freedom
at temperature T is

s(T ) =
2⇡2

45
g⇤S(T )T

3. (20)

The present cosmic axion mass density ⇢a = ma n0 from
vacuum misalignment follows as, taking g⇤ as in [21],

⌦mis
a h2 =

(
0.236 h✓2i f(✓i)i(fa,12)7/6, fa <⇠ f̂a,

0.0051 h✓2i f(✓i)i(fa,12)3/2, fa >⇠ f̂a.
(21)

where f̂a = 0.991⇥ 1017GeV and fa,12 = fa/1012 GeV.
The angle average h✓2i f(✓i)i assumes di↵erent values

in Scenario A and Scenario B. In Scenario B, the initial
misalignment field ✓i is uniform over the entire Hubble
volume, but there are axion quantum fluctuations of vari-
ance �2

✓ arising from inflation, so

h✓2i f(✓i)i =
�
✓2i + �2

✓

�
f(✓i). (22)

Since at this stage the axion is practically massless, its
quantum fluctuations have the same variance as the in-
flaton fluctuations [31],

�2
✓ =

✓
HI

2⇡fa

◆2

. (23)

Hence in Scenario B, since there is no contribution to the
cosmic axion density from decays of axionic topological
defects, the total axion energy density is given by

⌦ah
2 =

8
><

>:

0.236
⇥
✓2i +

⇣
HI
2⇡fa

⌘2 ⇤
f(✓i)(fa,12)7/6, fa <⇠ f̂a,

0.0051
⇥
✓2i +

⇣
HI
2⇡fa

⌘2 ⇤
f(✓i)(fa,12)3/2, fa >⇠ f̂a.

(24)
In Scenario A, the variance of the axion field is zero

because there are no axion quantum fluctuations from
inflation, but ✓i is not uniform over a Hubble volume, so
✓2i is averaged over its possible values as [21]

h✓2i f(✓i)i =
1

2⇡

Z ⇡

�⇡

✓2i f(✓i) d✓i = 2.67
⇡2

3
. (25)

Hence, from Eq. (21), since fa < f̂a in Scenario A,

⌦mis
a h2 = 2.07 (fa,12)

7/6 (Scenario A). (26)

Extra contributions ⌦dec
a from decays of axionic topo-

logical defects are present in Scenario A. Their calcu-
lation requires di�cult numerical simulations of parti-
cle production from axionic strings and walls evolving in
the expanding universe. Results have been discrepant
and controversial for decades. They can be expressed
as ratios ↵dec = ⌦dec

a /⌦mis
a of topological-defect decay

densities to vacuum realignment densities. For example,
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FIG. 1. CDM axion parameter space. Yellow regions: ex-
cluded. Green band: BICEP2 measurement of r. Colored
horizontal bands: ⌦a = ⌦c for some models of axion produc-
tion by decays of axionic topological defects. The BICEP2
measurement excludes Scenario B (fa > HI/2⇡). The inter-
section of the colored bands shows the preferred CDM axion
masses.

Refs. [32, 33], Refs. [36], and Refs. [34, 35] find string-
to-misalignment ratios of ⇠ 0.16, ⇠ 6.9± 3.5, ⇠ 186, re-
spectively, while Ref. [36] argues for a combined wall-and-
string-to-misalignment ratio ↵dec ⇠ 19± 10 (see [22, 36]
for further references). Including the contributions from
decays of axionic topological defects,

⌦ah
2 = (↵dec + 1) 2.07 (fa,12)

7/6 (Scenario A). (27)

CONSTRAINTS

Figure 1 shows a summary of the constraints on the
CDM axion parameter space HI–fa, showing a complete
range for fa up to the Planck scale. Shaded in yellow
are all regions excluded before the BICEP measurement
(with the omission of the WMAP upper limit on r). Ax-
ions could have been 100% of CDM in the white region
on the left (Scenario B) and in one of the narrow colored
horizontal bands on the bottom right, which represent
the ⌦a = ⌦c condition for the four examples of axionic
string-wall decays mentioned above (Scenario A). The
BICEP2 reported measurement of r is indicated by the
green vertical band. Clearly the BICEP2 measurement
excludes Scenario B.
The main constraint on Scenario B comes from non-

adiabatic fluctuations in the axion field, which are con-
strained by WMAP measurements. The power spectrum
of axion perturbations �2

a(k) = h|�⇢a/⇢a|2i is given by

�2
a(k) =

H2
I

⇡2✓2i f
2
a

. (28)



✴Perturbations obey

✴Structure suppressed when 

✴Scales are very small for QCD axion

A new scale for perturbed scalars

21

��̈+ 2H��̇+
�
k2 +m2a2

�
�� = ��̇0ḣ/2

k � kJ ⇠
p
mH

What about lighter axions?
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A cosmological search for 
ultra-light axions 

with D. J.E. Marsh, R. Hlozek and P. Ferreira

arXiv:1303.3008, Phys. Rev. D 87, 121701(R) (2013)
(with MCMC results and methods paper in progress)



✴String theory has extra dimensions: compactify (6)!

✴Form fields and gauge fields: `Axion’ is KK zero-

mode of form field

Light axions and string theory
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L / aGG̃

fa



✴Calabi-Yau manifolds

Axiverse! (Arvanitaki et al. 2009)
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Many axionsMany 2-cycles

✴Mass from non-perturbative physics 
(instantons, D-branes)

Hundreds!

m2
a =

µ4

f2
a

e�S fa / Mpl

S

Many decades in mass covered!



✴Birefringence (Faraday rotation), model dependent:

✴Decrement in matter power spectrum for

Axiverse! (Phenomena)

25

like hidden sectors with low confinement scales. This both opens up interesting phenomenology
associated to the presence of this “dark world” and raises the question of how it managed to escape
being observed so far. We will touch on some of the issues involved in the concluding Section 3.
For now we focus upon the observational signatures of the light axions that we have argued are
generic to string theory once the strong CP problem is solved.

2 Cohomologies from Cosmology

CMB 
Polarization

10-33 4 ! 10-28

Axion Mass in eV

108

Inflated 
Away

Decays

3 ! 10-10

QCD axion
2 ! 10-20

3 ! 10-18

Anthropically Constrained
Matter

Power Spectrum
Black Hole Super-radiance

Figure 1: Map of the Axiverse: The signatures of axions as a function of their mass, assuming
f

a

⇡ M
GUT

and H
inf

⇠ 108 eV. We also show the regions for which the axion initial angles are
anthropically constrained not to over-close the Universe, and axions diluted away by inflation.
For the same value of f

a

we give the QCD axion mass. The beginning of the anthropic mass
region (2 ⇥ 10�20 eV) as well as that of the region probed by density perturbations (4 ⇥ 10�28

eV) are blurred as they depend on the details of the axion cosmological evolution (see Section
2.3). 3 ⇥ 10�18 eV is the ultimate reach of density perturbation measurements with 21 cm line
observations. The lower reach from black hole super-radiance is also blurred as it depends on
the details of the axion instability evolution (see Section 2.5). The region marked as “Decays”,
outlines very roughly the mass range within which we expect bounds or signatures from axions
decaying to photons, if they couple to ~E · ~B. We will discuss axion decays in detail in a companion
paper.

2.1 Discovering the String Axiverse

We now turn to the observational consequences of axions lighter than or around the QCD axion
mass. For simplicity, we keep f

a

fixed at M
GUT

and H
infl

⇠ 0.1 GeV. The initial displacement of
axions heavier than ⇠ 10�20 eV has to be tuned in order for them not to overclose the universe and
axions heavier than 0.1 GeV have been diluted away by inflation. The observational consequences
of the string axiverse are outlined in Figure 1.

We concentrate on three main windows to the axiverse. First, as discussed in Section 2.2
axions of masses between 10�33 eV and 4⇥ 10�28 eV, if they couple to ~E · ~B, cause a rotation in

8

L / a ~E · ~B
fa

m=H0

k � kJ ⇠
p
mH



Parameter space in context
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Figure 2: Axion and ALP coupling to photons vs. its mass (adapted from Refs. [2, 3,
26, 27]). Colored regions are: generic prediction for the QCD axion, exploiting Eqs. (7)
and (9), which relate its mass with its coupling to photons (yellow), experimentally ex-
cluded regions (dark green), constraints from astronomical observations (gray) or from
astrophysical or cosmological arguments (blue), and sensitivity of planned experiments
(light green). Shown in red are boundaries where axions and ALPs can account for all the
cold dark matter produced either thermally or non-thermally by the vacuum-realignment
mechanism.

2.3. Hotspots in axion and other WISPs parameter space from theory

The masses and couplings of axions and other WISPs to light standard
model particles appearing in the low energy effective Lagrangians (6), (10),
and (11) can only be predicted in terms of more fundamental parameters if
an ultraviolet completion of the low energy theory is specified. The most
satisfactory ultraviolet completions are arguably the ones which are moti-
vated by other issues in particles physics, such as for example the unification
of fundamental forces, with string theory being perhaps the most ambitious
project.

9

New telescope limits



c2a =
�P

�⇢
=

k2/(4m2a2)

1 + k2/(4m2a2

✴Computing observables is expensive for              :

✴Coherent oscillation time scale

✴Ansatz

Effective fluid approximation
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�� = Ac�c(k, ⌘) cos (m⌘) +As�(k, ⌘) sin (m⌘)

m � H0

�⌘ ⇠ (ma)�1 ⌧ �⌘CAMB



CMB anisotropy power spectra
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Power spectra may now be quickly computed for 15 
orders of magnitude in axion mass!
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FIG. 3: CMB axion isocurvature power spectrum, with adi-
abatic ⇤CDM for scale (black dashed). We demonstrate the
normalisation di↵erence between ↵CDM (grey dot-dash) and
↵a (solid), with ⌦a/⌦d = 0.01 implying a normalisation dif-
ference of (0.01)2 = 10�4. We also show small-scale power
suppression by the lightest axions. The axion masses are
ma = 10�32, 10�29, 10�28, 10�20eV.

versa, thus providing a non-trivial cross-check on the in-
flationary origin of these modes, and thus on HI . Given
that there are sources of observable tensor modes possible
even with low-scale inflation [25] these regions provide a
novel and truly unambiguous way to measure the energy
scale of inflation using the concordance of {↵, r, ⌦a}. Fur-
thermore, an accompanying isocurvature signal would be
strong supporting evidence necessary to infer the axionic
origin of any detected suppression of small scale power.
We will present constraints in a forthcoming paper [23].
Stepping beyond the axiverse paradigm, an isocurvature
detection would be evidence that the additional degree of
freedom responsible for structure suppression is already
present and massless during inflation.

So far we have assumed that constraints to ↵
CDM

will
map over to constraints to ↵a. For adiabatic fluctuations,
the e↵ect of subdominant axions on the CMB observ-
ables is very small. For isocurvature fluctuations, how-
ever, the radically di↵erent super-horizon solutions [23]
of axion isocurvature lead to sharply di↵erent behavior
from the more familiar pure CDM isocurvature. This
mode, as well as the more general suppression of small-
scale structure in ULA models, is carefully implemented
using a modified version of camb [26] and is described in
Ref. [23]. In this case, all other species fall into the grav-
itational potential wells set up by axions, and so axions
drive the behavior of the observables, leading to far more
dramatic e↵ects. We show example spectra in Fig. 3.

Fig. 3 demonstrates that in the isocurvature mode,
CMB power is suppressed on small scales (large `), with

the scale of power suppression becoming larger as the
axion mass decreases, just as in P (k) (c.f. Fig. 1). As
the axion mass increases the axion isocurvature spectra
asymptote to CDM-like behaviour.

The suppression of power will be important for ULAs
in altering the isocurvature constraints. Since the isocur-
vature power spectrum falls o↵ rapidly at large `, most
constraining power on isocurvature comes from the ad-
dition of power along the low-` plateau before the first
peak at ` ⇠ 200. When the isocurvature power is sup-
pressed along this plateau the isocurvature spectrum re-
mains significant only at lower and lower `. Therefore
we should expect that not only will allowed values of
↵a be di↵erent from ↵

CDM

due to normalisation, but
also due to the power suppressing properties of ULAs.
The e↵ect of this is estimated from the reduced num-
ber of modes available to measure isocurvature fraction
and is shown in Fig. 2. Isocurvature becomes harder to
measure and further constrains the observable region for
{↵, r} at the lowest masses, ma . 10�28 eV. The low-
est mass region is harder to access observationally using
LSS measurements since the structure suppressing prop-
erties of the axions only occur on very large scales [15].
In addition, producing an observable relic density with
ma . 10�28 eV would require additional physics: for ex-
ample a large number of axions with nearly degenerate
masses.
Conclusions– In this letter we have demonstrated that

in the case of ultra-light axions one is able to unambigu-
ously infer the energy scale of inflation from their isocur-
vature fraction by using large scale structure constraints
to bound the relic density. In addition, there are regions
of parameter space allowed by current constraints where
both the isocurvature fraction and the tensor-to-scalar
ratio are within observable reach of near future CMB ex-
periments. This predicted concordance of three observ-
ables is a potentially powerful probe of the energy scale
of inflation. In the context of the axiverse, the inferred
value of HI from observed tensor modes would predict
observable axion isocurvature across more than four or-
ders of magnitude in axion mass. We present constraints
to this model in a forthcoming paper [23].
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Matter power spectrum
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FIG. 1 (color online). Adiabatic matter power spectra, with
varying axion mass ma ¼ 10"28, 10"26, 10"25, 10"23 eV at
fixed density fraction !a=!d ¼ 0:5 (dashed) and varying
!a=!d ¼ 0:1, 0.5, 1 at fixed ma ¼ 10"25 eV (solid). Spectra
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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



CMB lensing [a probe of axions]
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through the
labelled values. Data from the ACT cosmology analysis fields are shown.

We place a flat prior on the amplitude of the isocur-
vature, 0 < ↵ < 0.5. This translates into a prior on the
tensor-to-scalar ration r, and hence the energy scale of
inflation through Eq. 28. [RH to add the priors plot here.]
It was shown in Fig. (2) that current constraints on ↵CDM

imply that some cosmologies in our range may have ap-
preciable tensor modes when the axion mass is small.
We therefore include tensors in our MCMC, with r as a
derived parameter, give by Eq. (28). We therefore also
allow for non-flat isocurvature spectrum. In the WMAP
analysis it was found that, without fine-tuning on axion
parameters one always had negligible tensor modes and
hence negligible tilt in the isocurvature power spectrum,
and so they consistently ignored both parameters when
deriving constraints on ↵CDM. In our model where both
↵ and r can be simultaneously of observable magnitude
they provide a powerful consistency check.

B. Datasets

In order to constrain the allowed regions in axion pa-
rameter space, we make use of complementary datasets.
We use temperature data from the recent Planck data re-
lease [? ? ] as well as the lensing deflection measurement
from Planck [? ]. In addition, we add small-scale data
from the Atacama Cosmology Telescope (ACT) [155]
making use of the three-year data release. We use the
publicly available Planck likelihood.

The data are shown in Figure 6 with some deflection
power spectra for various axion parameters. In addi-

tion to the Planck and ACT data, we use measurements
of galaxy clustering from the Sloan Digital Sky Survey
Luminous Red Galaxy Survey [156]. We consider three
cases, using CMB temperature measurements, and the
deflection power spectrum (CMB), measurements of large
scale structure through the SDSS power spectrum (LSS)
and the combination of the above two cases (All).

C. Sampling

The axiverse cosmology parameter space proved chal-
lenging to sample e�ciently. In particular, the bi-
modality of the ⌦ah2 � ma plane (as can be seen in
Figure 7) contains two regions where the axion density
relative to the total density can be unity. These walls in
the distribution present significant challenges, as chains
starting in either region remain in the highly probable
regions, which are separately by a well-constrained val-
ley for intermediate-mass axions. This “valley” is hard
to traverse, and is therefore less densely sampled. In the
limit of an infinite number of steps, the MCMC ensures
that the chains will probe all regions of the likelihood,
however, given that the computation of the axion spec-
trum within the Boltzmann code takes a finite time, this
is not feasible in general. While individual chains reach
convergence in their specific region of parameter space,
the fact that individual chains sample remote regions of
the posterior leads to an unacceptably low value of the
Gelman-Rubin convergence criterion (since the chains
have a large intra-chain variance). This can be par-

ma ⇠ 10�28 eV



A new isocurvature signature [e.g. TE polarization]
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FIG. 5: CMB adiabatic and isocurvature TE polarization
power spectra, varying the isocurvature amplitude from ↵ =
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, hence adding in isocurvature removes
adiabatic power, as can be seen by comparing the combined
spectra to the adiabatic CDM-only spectrum, shown by the
dashed curve.

VI. METHODOLOGY

The basic cosmological ⇤CDM model consists of 6 pa-
rameters describing a flat universe, namely the universal
baryon density ⌦bh

2, CDM density ⌦ch
2, and ✓A, the

ratio of the sound horizon to the angular diameter dis-
tance at decoupling. In the adiabatic model, we assume
the primordial perturbations to be scalar, adiabatic, and
Gaussian and parametrize them via a spectral tilt ns, and
amplitude �2

R, defined at pivot scale k0 = 0.002 Mpc�1.
We express this basic set of parameters as

{⌦bh
2, ⌦ch

2, ✓A, �2
R, ns, ⌧}. (76)

We assume that the universe transitioned a neutral to an
ionised state over a small redshift range, �z = 0.5; the
optical depth is given as ⌧.

We modify this cosmological framework in two ways.
In the adiabatic case, we include the axion density ⌦ah2

and the axion mass ma In addition, we consider axion
isocurvature perturbations through the ↵, as shown in
Equation (17). Previous studies [154, e.g.] have con-
sidered axions to be part of the CDM and so ⌦ah2 and
⌦ch

2 are not separately constrained. As such there is a
degeneracy between an assumed value of ⌦ah2 and the
constraint inferred on HI from ↵.

A. Priors

The most conservative prior to place on the axion mass
is a Je↵reys prior, which is uniform in logarithmic space,
which we bound as �33 < log10 ma < �17.

In addition we impose a flat prior on the axion energy
density similar to the flat prior imposed on the matter
density, 0.001 < ⌦ah2 < 0.3. Hertzberg, Tegmark and
Wilczek [59] also place an additional prior on the axion
density, by noting that a uniform distribution in mis-
alignment angle results in a prior on the density of

P (⌦ah2) / 1p
⌦ah2

. (77)

We vary both the energy density ⌦ah2 and the axion
mass ma. Eq. (11) relates the axion energy density to
the axion mass and misalignment angle. While the axion
density depends on when the axion itself starts oscillat-
ing, we as note from Eq. (11) that for aosc > aeq, the
energy density doesn’t depend on the axion mass. Hence
the prior on the axion density would most strongly af-
fect models with axion masses who start oscillating be-
fore matter-radiation equality. Solving for the field value
(since we step in mass and density) yields the prior shown
in Figure ??. Since we are considering fixed fa, the prior
on �i translates directly onto a prior on the misalignment
angle ✓. We check for strong dependence on the prior im-
posed in Section VII, where we also discuss fine tuning
and possible trans-Planckian �i.



✴Tensor mode amplitude set by inflationary energy scale

The axiverse and the scale of inflation

32

r = 2.3⌦dh
2

✓
zeq
⌦m

◆3/4 ✓⌦d

⌦a

◆✓
10�33eV

ma

◆1/2 ✓
↵

1� ↵

◆

Komatsu al.  2008/2011 find 

↵
ax

. 0.1

r = 0.3

✓
⌦d/⌦a

100

◆✓
10�33eV

ma

◆1/2

Stay tuned for MCMC constraints to the axiverse!



FIG. 2 (color online). Phenomenology in the fma;!a=!dg
plane. The shaded regions lie between the dashed contours and
satisfy f0:01< r < 0:1; 0:01< !CDM < 0:047g, evading current
constraints, while being potentially observable with future data.
These are not exclusions; outside of the contours, either parame-

Motivation/anticipated contours

TAKE-AWAY message: for ULAs, tensors and isocurvature are 
simultaneously observable 33



BICEP makes this more than an anticipatory game
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FIG. 1: Constraints in axion parameter space: regions below curves are allowed. The solid red line shows the result of the
present work which constrains axions using the measured value of r = 0.2 (+0.07

�0.05 shown in thin lines) and the Planck constraint
on axion isocurvature, AI/As < 0.04. The dashed red line approximates the loosening of this constraint due to suppression
of the axion isocuvature power when ma < Heq. We also show the 95% exclusion contours of Ref. [41] from CMB (WMAP1)
and CMB+Lyman-alpha forest power spectra, which are significantly stronger than the tensor/isocurvature constraint for
intermediate mass axions, and are independent of inflationary model. Left Panel: Linear scale for ⌦a/⌦d, Right Panel: Log
scale.

be applied. Work on constraining this mode is ongoing
[48]. The CMB isocurvature constraint is driven by the
Sachs-Wolfe (SW) plateau. As the axionic Jeans scale
crosses into the SW plateau at low mass and suppresses
the isocurvature transfer function [42], the signal-to-noise
SNR / 1/l

max

, where l
max

⇠ l
Jeans

⇠ p
m

a

. There-
fore we estimate that the isocurvature limit is given by
(AI/As)max / (AI/As)max

old

⇥
p

10�28 eV/m
a

. This esti-
mate is used to obtain the dashed line in Fig. 1.

Fig. 1 shows the huge power of the measurement of
r to constrain axions, giving ⌦a/⌦d < 10�3 for ma &
10�22 eV, far beyond the reach even of the Lyman-alpha
forest constraints. For ma . 10�24 eV, however, the
constraints from the CMB temperature and E-mode po-
larisation and LSS (WMAP1 and SDSS [41], Planck and
WiggleZ in preparation [48]) are stronger than the ten-
sor/isocurvature constraint, and are independent of the
inflationary interpretation of BICEP2.

Discussion: We have considered the implications of
the BICEP2 detection of r on axion DM. In the simplest
inflation models r = 0.2 [1] implies HI = 1.1⇥1014 GeV.
Axions with fa > HI acquire isocurvature perturba-
tions and are constrained strongly by the Planck bound
AI/As < 0.04. Although fine-tuned and sub-dominant in
the DM, the QCD axion could still exist, but searches for
high fa axions must be independent of the DM contribu-
tion [49]. Low fa < HI axions [50] are una↵ected by the
tensor bound. High fa axions [26, 51] are strongly con-
strained, although for ma . 10�24 eV other cosmological

constraints are more powerful, and for ma . 10�28 eV
suppression of power in the isocurvature mode can fur-
ther loosen tensor bounds [42].

There are in principle (at least) five ways around the
isocurvature bounds. The first is to produce gravitational
waves during inflation giving r = 0.2 while keeping HI

low [52, 53]. Secondly, entropy production after the QCD
phase transition can dilute the QCD axion abundance.
This is possible in models with light moduli and low
temperature reheating (e.g. [54] and references therein).
Light axions oscillate after nucleosynthesis and cannot be
diluted by such e↵ects. Thirdly, if the axions are massive
during inflation they acquire no isocurvature. However,
the shift symmetry protects axion masses and is what
makes them naturally light. Fourthly, non-trivial axion
dynamics during inflation suppressing isocurvature are
possible via non-minimal coupling to gravity [55] or cou-
pling the inflation directly to the sector providing non-
perturbative e↵ects, e.g. the QCD coupling [56, 57]. Fi-
nally a coupling between a light (ma . 10�28 eV) axion
to ~E · ~B of electromagnetism could induce ‘cosmological
birefringence’ [58] leading to production of B-modes that
are not sourced by gravitational waves [26, 59]. This pos-
sibility will be easy to distinguish from tensor and lensing
B-modes by its distinctive oscillatory character at high
`, measurable for example by SPTPol and ACTPol.

Other cosmological constraints on axions are more
powerful than the tensor/isocurvature bound for light
masses ma . 10�24 [41, 48]. We are exploring this

34



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]

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

Preliminary adiabatic results
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Convergence and climbing contours required MCMC with 
nested sampling instead of Metropolis-Hastings!
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We use nested sampling instead
From Hobson 2012

TOY PROBLEM: EGG-BOX LIKELIHOOD

• Likelihood resembles egg-box and is given by

L(✓
1

, ✓
2

) = exp



2 + cos

✓

✓
1

2

◆

cos

✓

✓
2

2

◆�

5

,

and prior is U(0,10⇡) for both ✓
1

and ✓
2

.

• Use 2000 active points)⇠ 30,000 likelihood evaluations to obtain
logZ = 235.86± 0.06 (analytical logZ = 235.88)

23
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Conclusions

✴QCD axion DM is under some tension as a result of BICEP 
detection [if confirmed], but possibilities still exist

✴Ultra-light axion dark matter will soon be strongly probed
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The strong CP problem
Strong interaction violates CP through    -vacuum 

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

uh

θ 10− 10 ,
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Making axions in (exploding) stars, III

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012

Supernova 1987A Energy-Loss Argument

SN 1987A neutrino signal

Late-time signal most sensitive observable

Emission of very weakly interacting
particles would  “steal” energy from the
neutrino burst and shorten it.
(Early neutrino burst powered by accretion,
not sensitive to volume energy loss.)

Neutrino
diffusion

Neutrino
sphere

Volume emission
of new particles

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012

Axion Emission from a Nuclear Medium

N

N

N

N
V

Nucleon-Nucleon
Bremsstrahlung

+ ...
a

Early calculations using one-pion exchange potential without many body effects or
multiple-scattering effects over-estimated emission rate, see e.g.
• Janka, Keil, Raffelt & Seckel, PRL 76:2621,1996.
• Hanhart, Phillips & Reddy, PLB 499:9, 2001.
• Bacca, Hally, Liebendörfer, Perego, Pethick & Schwenk, arXiv:1112.5185 (2011).

Raffelt, Seckel, 
and many more

From Raffelt 2012
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✴ Backwards Primakoff process (Sikivie, Zioutas, and many others)

✴

Axion helioscopes

41
Patras Workshop, Mykonos, 
June 2011

Igor G. Irastorza / Universidad de 
Zaragoza

6Igor G. Irastorza / Universidad de 
Zaragoza

AXION PHOTON CONVERSION

COHERENCE   1

� Axion helioscope concept [Sikivie 1983]

Axion Helioscope principle
From Irastorza 2013



Making axions in stars, II

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012

Color-Magnitude Diagram for Globular Clusters

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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White
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Particle emission reduces
helium burning lifetime,
i.e. number of  HB stars

• Particle emission delays
helium ignition,

• Tip of RGB brighter

From Raffelt 2012

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012

Color-Magnitude Diagram for Globular Clusters

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris, 2000)
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✴ Broad axion energy spectrum

✴ Resonance condition

Axion helioscopes [CAST, Tokyo Axion Helioscope, IAXO]

43

Patras2013, 24-28 June 2013, Mainz Biljana Lakić 5 

CAST: Physics 
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 conversion probability in gas (in vacuum: = 0, m=0): 

L=magnet length, =absorption coeff. 
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effective photon mass (T=1.8 K) 
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 coherence condition for a →   conversion 

In case of vacuum, coherence is lost for ma > 0.02 eV. 
It can be restored with the presence of a buffer gas, 
but only for a narrow mass range. 

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012

Search for Solar Axions

γ a

Sun

Primakoff 
production

Axion Helioscope
(Sikivie 1983)

γ
Magnet S

N
a

Axion-Photon-Oscillation

¾ Tokyo Axion Helioscope (“Sumico”)
(Results since 1998, up again 2008)

¾ CERN Axion Solar Telescope (CAST)
(Data since 2003)

Axion  flux

Alternative technique: 
Bragg conversion in crystal
Experimental limits on solar axion flux
from dark-matter experiments
(SOLAX, COSME, DAMA, CDMS ...)

Axion helioscopes



CAST/IAXO
✴ CAST

Patras2013, 24-28 June 2013, Mainz Biljana Lakić 8 

CAST: Setup  LHC test magnet (B=9 T, L=9.26 m) 

 Rotating platform (hor. ±40, ver. ±8) 

 X-ray detectors 

 X-ray Focusing Device 

Sunset 
Detectors Sunrise 

Detectors 

LHC test magnet 

Exposure time: 
2×1.5h per day  

Patras2013, 24-28 June 2013, Mainz Biljana Lakić 8 

CAST: Setup  LHC test magnet (B=9 T, L=9.26 m) 

 Rotating platform (hor. ±40, ver. ±8) 

 X-ray detectors 

 X-ray Focusing Device 

Sunset 
Detectors Sunrise 

Detectors 

LHC test magnet 

Exposure time: 
2×1.5h per day  

Lakic 2012

✴ IAXO proposal: 15-20m length magnet, optimized shape 
[not LHC DUD]



Making axions in (exploding) stars, III

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012

Axion Bounds and Searches
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Hot axion production at early times

! Axions produced through interactions between non-relativistic pions 

in chemical equilibrium with rate 

hcuhuihuidhiusahdiuashdiuhaiudhasiudhiuhasdiuhasiudhasiudhiua
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Axion Production:

�
Freeze out

� �

a

�ah2 = ma,eV
130

�
10

g�,F

⇥
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✴ Entropy generation, e.g. modulus decay

✴ Axion temperature lowered

✴ Free streaming-length modified

✴ Abundance suppressed

New constraints

!                                                  

calculated to trace out 

allowed region

Excluded by �ah2 � 0.13

Excluded by LSS/CMB

�fs (Trh,ma) & �ah
2 (Trh,ma)

Standard constraints 

recovered if Trh � 170 MeV

                          , no LSS 

constraint to `hot axions’

If ma � 23 eV

, LSS constraints completely relaxed

✴ Axion free-streaming length

with T.L. Smith and M. Kamionkowski 
Phys. Rev. D77 085020, 0711.1342

Axion hot dark matter
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A new telescope search for 
decaying relic axions

with K.Z. Khor, M. Kamionkowski, E.Jullo, G.Covone, J.P-Kneib

Axion hot dark matter
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✴ Axions decay:

✴ Monochromatic emission line:

Axion HDM: Decay line
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� =
c

mac2/2h
= 24800Å

(1 + zc)

ma/ eV

Visible

⌧ = 6.8⇥ 1024⇠�2m�5
a,eV s

Following in the footsteps of Ressell, Bershady, Turner 1991



✴Comparable to sky brightness

✴Galaxy clusters are huge axion reservoirs

✴Reasonably wide line 

✴Strong/weak gravitational lensing mass maps available

Axion HDM: Galaxy clusters
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Axion HDM: VIMOS IFU
✴At VLT (Very Large Telescope) 

array of ~8 m instruments at Paranal, 
Chilé

✴VIMOS IFU yields spatially resolved 
spectroscopy (6400 fibers in 1 arcmin2)

VIMOS User Manual VLT-MAN-ESO-14610-3509 15

Figure 2.6: IFU head: details of the fiber modules. Low transmission fiber blocks are marked with white
rectangles. For rotator angle = 0�, North is to the right, East to the top.

Figure 2.7: IFU mode: fibers numbering on the masks
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RDCS 1252

! RDCS 1252 is a                            

cluster at 

! Allotted 25 hrs of time for 

VIMOS IFU spectra using LR-

Blue grism

! Publicly available weak-lensing 

mass maps (Lombardi et al. 

2005), 2  arcs?

8� 1014M�
z = 1.237

3 pointings cover range of 

WL mass contours

+ single confirmed SL arc

Obtained 17 hrs

52

K.Z. Khor (Princeton Class of 2014)

PRD, astro-ph/0611502Grin et al. 2007: Abell 2667/2390

Axion HDM: Modern optical telescope searches



Axion HDM: Cluster mass maps and 

✴HST Shear map (Rosati et al. ) and arc locations fit
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RDCS 1252

! RDCS 1252 is a                            

cluster at 

! Allotted 25 hrs of time for 

VIMOS IFU spectra using LR-

Blue grism

! Publicly available weak-lensing 

mass maps (Lombardi et al. 

2005), 2  arcs?

8� 1014M�
z = 1.237

3 pointings cover range of 

WL mass contours

Axion HDM: RDCS 1252/A2667+A2390

+ single confirmed SL arc

Obtained 17 hrs
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K.Z. Khor (Princeton Class of 2014)

astro-ph/0611502, Phys.Rev.D75:105018,2007

+manuscript in progress



Making axions in degenerate stars, IV

✴ WDs are remnants of 
✴ Axio-electric coupling provides additional cooling channel

Andreas Ringwald  |  Vistas in  Axion Physics | 23-26  April  2012 |  Page 13 

ASTROPHYSICS 

> Standard model does not fit to white dwarf luminosity function 

> Extra energy loss compatible with axion or ALP bremsstrahlung  

                                                                                                                                 Isern et al. `08 
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al. (1988) fit the axion emission rate resulting from Bremsstrahlung in dense interiors with

εa 1 08 1023 ergs g 1 α
Z2

A
T47 F T ρ (5.1)

where α g2ae
4π and gae is given by equation 7. F T ρ is a numerical fit, of order 1 through-

out most of the interior of a typical white dwarf model (see figure 5.2). This is the fit I

included in the White Dwarf Evolution code to determine an upper mass limit for the axion

in section 5.7. I detail the changes made to the code to include axions in appendix A.

Figure 5.1: Feynman diagram of the production of axions through electron-ion
bremsstrahlung (figure 2.a in Raffelt, 1986a)

5.4 Review of work done on the subject

Isern et al. (1992) first used G117-B15A’s Ṗ to obtain a limit on the axion mass. At the time,

the Ṗ measured (12 0 3 5 10 15s s, Kepler et al., 1991b) for that star was uncertain, and

much higher than the one expected from simple Mestel cooling. Using models available at

the time (Wood, 1990; D’Antona & Mazzitelli, 1989) and a simple semi-analytical treat-

ment, Isern et al. found an average axion mass of 8 meV. Individual values, depending upon
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✴ Resolvable

✴ Axions decay:

✴ Monochromatic emission line:

Axion HDM: Decay line
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� =
c

mac2/2h
= 24800Å

(1 + zc)

ma/ eV

Visible

�� = 195�1000m
�1
a,eVÅ

⌧ = 6.8⇥ 1024⇠�2m�5
a,eV s

✴ Axion thermal abundance

⌦
ax

h2 ' ma

130 eV

Following in the footsteps of Ressell, Bershady, Turner 1991



! Cluster galaxies selected by redshift

! BCG, galaxies near arcs, cluster-scale mass component modeled individually

Lensing mapsAxion HDM: Cluster mass maps and 

✴HST Shear map (Rosati et al. ) and arc locations fit
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Getting under the hood: The need for numerical care
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Getting under the hood: The need for correct (super-horizon) initial conditions
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ḣ / ⌘


3�R
a2

+ 3a2A�a

�
Synchronous gauge 00-Einstein

Perrotta and Baccigalupi, astro-ph/9811156 �̇� ' � ḣ

2

NOT KOSHER!

d

~

U~k

d lnx
= (A0 +A1x+ . . . Anx

n) ~U~k

Solve Eigensystem and expand systematically

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



We use nested sampling instead

TOY PROBLEM: MULTIPLE GAUSSIAN LIKELIHOOD

• Likelihood = five 2-D Gaussians of varying widths and amplitudes; prior = uniform

• Analytic evidence integral logE = �5.27

• MULTINEST: logE = �5.33± 0.11, N
like

⇡ 10

4

• Thermodynamic integration (+ error): logE = �5.24± 0.12, N
like

⇡ 4⇥ 10

6

• Typical of real applications (see later): ⇠ 500⇥ efficiency of standard MCMC
25

From Hobson 2012



We use nested sampling instead

• At end of NS process) set of inactive groups and set of active groups, which
together partition the full set of (inactive and active) sample points generated

• Note: as NS process reaches higher likelihoods, number of active points in any
particular active group may dwindle to zero, but. . . group still considered active
since it remains unsplit at the end of NS run.

• Finally, each active group is promoted to a ‘mode’, resulting in a set of L (say) such
modes {Ml}.
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