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✴Light 

✴Axions as DE 

✴Axions as DM

✴Erases strong-interaction’s CP-violation 

New scalar with global symmetry!

What are axions?
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✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds

Ultra-light axions (ULAS) in string theory
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✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds

✴ Mass acquired non-perturbatively (instantons, D-Branes)
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Axiverse! Arvanitaki+ 2009 
Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012) 



Cosmology of ultra-light axions: 
dark matter and dark energy candidates
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Cosmology of ultra-light axions: 
dark matter and dark energy candidates

4
ma . 10�27 eV ULA matter behavior starts too late for struct. formation

ULA as dark energy with specific w(z)

Scale corresponding to 
 typical galaxy separation today 

Causal horizon 

Frieman et al 1995, Coble et al. 1997



Cosmology of ultra-light axions: 
dark matter and dark energy candidates
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Scale corresponding to 
 typical galaxy separation today 

Causal horizon 

ULA matter behavior starts in time for struct. formation

ULA as dark matter

ma & 10�27 eV

Frieman et al 1995, Coble et al. 1997



✴Computing observables is expensive for               : 

✴ Coherent oscillation time scale 

✴ WKB approximation

✴Axionic Jeans Scale is macroscopic [in contrast to QCD axion]:

c2a =
�P

�⇢
=

k2/(4m2a2)

1 + k2/(4m2a2

Effective fluid formalism for ULA DM

5
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Growth of ula perturbations
✴Perturbed Klein-Gordon + Gravity

)



✴Modes with                                 oscillate instead of growing 

Effective fluid formalism for ULA DM

5

Growth of ula perturbations

k � kJ ⇠
p
mH

CDM 
Axion DM 



Thomson scattering

gravitational perturbations

photonsbaryons

dark matter neutrinos

6

AxiCAMB

NR fluid eqs.

Boltzmann equationNR fluid eqs.

Einstein equationsAXIONS!

Included in H recombination 
Expansion history

6ULA of any mass is self-consistently followed from DE to DM regime

AxionCAMB

CMB and matter perturbation code including ULAs!

Code by Grin et al. 2013, based on CAMB (A. Lewis) 
http://github.com/dgrin1/axionCAMB
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CMB observables
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Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
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Dramatic changes to observables can result

Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
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19, 22.5, 27, 34.5, and 44.5.
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.
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19, 22.5, 27, 34.5, and 44.5.
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✴DM perturbation growth severely suppressed if  

✴Suppression grows with 

Matter power spectrum for ULA (in DM regime)
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Matter power spectrum for ULA (in DM regime)
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✴240,000 emission line galaxies at z<1 

✴3.9 m Anglo-Australian Telescope (AAT) 

✴Planck 2013 temperature anisotropy power spectra (+SPT+ACT) 

✴Cosmic variance limited to 

✴WiggleZ galaxy survey (linear scales only                                ) 

Data + Analysis
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✴Interesting constraints over 7 orders of magnitude in mass: 

Thanks to AXIONCAMB and MULTINEST 

✴ULAs highly constrained if  

✴ULAs are viable DM/DE candidates in linear theory outside ``belly” 11

.

A search for ultra-light axions using precision cosmological data
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Ultra-light axions (ULAs) with masses in the range 10�33 eV  ma  10�20 eV are motivated
by string theory and might contribute to either the dark-matter or dark-energy densities of the
Universe. ULAs could suppress the growth of structure on small scales, or lead to an altered
integrated Sachs-Wolfe e↵ect on large-scale cosmic microwave-background (CMB) anisotropies. In
this work, cosmological observables over the full ULA mass range are computed, and then used
to search for evidence of ULAs using CMB data from the Wilkinson Microwave Anisotropy Probe
(WMAP), Planck satellite, Atacama Cosmology Telescope, and South Pole Telescope, as well as
galaxy clustering data from the WiggleZ galaxy-redshift survey. In the mass range 10�32 eV 
ma  10�25.5 eV, the axion relic-density ⌦a (relative to the total dark-matter relic density ⌦d)
must obey the constraints ⌦a/⌦d  0.05 and ⌦ah

2  0.006 at 95%-confidence. For ma ⇠> 10�24 eV,
ULAs are indistinguishable from standard cold dark matter on the length scales probed, and are
thus allowed by these data. For ma ⇠< 10�32 eV, ULAs are allowed to compose a significant fraction
of the dark energy.

PACS numbers: 14.80.Mz,90.70.Vc,95.35.+d,98.80.-k,98.80.Cq

I. INTRODUCTION

A multitude of data supports the existence of dark
matter (DM) [1–12]. The identity of the DM, however,
remains elusive. Axions [13–15] are a leading candidate
for this DM component of the Universe [16–23]. Origi-
nally proposed to solve the strong CP problem [13], they
are also generic in string theory [24, 25], leading to the
idea of an axiverse [26]. In the axiverse there are multiple
axions with masses spanning many orders of magnitude
and composing distinct DM components. For all axion
masses ma ⇠> 3H

0

⇠ 10�33eV, the condition ma > 3H
is first satisfied prior to the present day. When this hap-
pens, the axion begins to coherently oscillate with an
amplitude set by its initial misalignment, leading to ax-
ion homogeneous energy densities that redshift as a�3

(where a is the cosmic scale factor). If ma ⇠> 10�27 eV,
the axion energy-density dilutes just as non-relativistic
particles do after matter-radiation equality, making the
axion a plausible DM-candidate.

The fact that axions can be so light places them, like
neutrinos, in a unique and powerful position in cosmol-
ogy. For as we shall show, unlike all other candidates
for DM, axions lead to observational e↵ects that are di-

rectly tied to their fundamental properties, namely the
mass and field displacement. Signatures in the cosmic
microwave background (CMB) and large-scale structure
(LSS) can be used to pin down axion abundances to high

⇤ dmarsh@perimeterinstitute.ca

FIG. 1. Marginalized 2 and 3� contours show limits to the
ultra-light axion (ULA) mass fraction ⌦a/⌦d as a function of
ULA mass ma, where ⌦a is the axion relic density param-
eter today and ⌦d is the total dark-matter energy density
parameter. The vertical lines denote our 3 sampling regions,
discussed below. The mass fraction in the middle region is
constrained to be ⌦a/⌦d ⇠< 0.05 at 95% confidence. Red re-
gions show CMB-only constraints, while grey regions include
large-scale structure data.

precision as a function of the mass; these constraints can
be used to place stringent limits on the mass of the ax-
ion as a candidate for DM. Furthermore, the nature of
inhomogeneities in the axion distribution yield, as with
primordial gravitational waves, a direct window on the
very early universe and, in particular, the energy scale of

CONSTRAINTS

⌦a

⌦a + ⌦c Allowed
Allowed
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From CMB-S4 Science book…. arXiv: 1610.02743 

Stage IV CMB experiment: CMB-S4

• CMB-S4: a next generation ground-based program building on CMB stage 
2 & 3 projects to pursue inflation, neutrino properties, dark energy and 
new discoveries.

• Targeting to deploy O(500,000) detectors spanning 30 - 300 GHz 
using multiple telescopes and sites to map most of the sky to provide 
sensitivity to cross critical science thresholds. 

• Multi-agency effort (DOE & NSF). Complementary  
with balloon and space-based instruments.

• Broad participation of the US CMB community,  
including the existing NSF CMB groups, DOE  
National Labs and the High Energy Physics  
community.

• U.S. led program; international partnerships expected.

A science driven program combining the deep CMB experience of  
the university groups with the expertise and resources at the national labs.

Recommended  
by P5 & NRC  
Antarctic reports

✴Next gen. CMB ground-based expt. concept 

✴~1 arcmin beam  

✴                        noise level 

✴~500,000 detectors 

✴Location, sky coverage TBD 

1 µK arcmin



CMB LENSING

13

A slice of (dark matter) life at z~1

~↵ = r~✓

⇢Z ✓
dLS
dLdS

◆
�
h
d(⌘)~✓, ⌘

i
d⌘

�

Lens plane (L)Source Plane (S)

dLS

dL

dLS



CMB LENSING

13

A slice of (dark matter) life at z~1

~↵ = r~✓

⇢Z ✓
dLS
dLdS

◆
�
h
d(⌘)~✓, ⌘

i
d⌘

�

Lens plane (L)Source Plane (S)

dLS

dL

dLS



CMB LENSING

13ULAs change

A slice of (dark matter) life at z~1

~↵ = r~✓

⇢Z ✓
dLS
dLdS

◆
�
h
d(⌘)~✓, ⌘

i
d⌘

�

Lens plane (L)Source Plane (S)

dLS

dL

dLS

ULA saturating TT-only limits falsifiable at 4.5σ

Planck 2015 Lensing
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Fisher forecast using OXFISH code— OOM 
improvement driven by lensing

Planck
S4

12

FIG. 9. Constraints on the axion fraction with and
without lensing: For a ‘CMB-S4-like’ survey, the 1�
marginalized error bar on the axion fraction, ⌦a/⌦d, for the
ranges of masses considered: 10�32 < ma < 10�22 eV. For
masses log(ma/eV) > �28, lensing more than halves the error
bar for the same survey parameters where the lensing deflec-
tion is not included. The improvement is also sensitive to the
fiducial model of ULAs assumed. This is particularly relevant
given that for the heaviest masses the ULAs are currently in-
distinguishable from a standard DM component.

We show the results of some choices for the beam size
and noise sensitivity in Figure 10. In each case we ei-
ther vary the beam and sensitivity separately (solid and
dashed lines), or we change the sky area at fixed 1 ar-
cminute beam resolution, while adjusting the sensitivity
assuming fixed total number of detectors and observing
time. In the case where we reduce the amount of sky ob-
served by S4, we adjust the correponding area used from
the Planck satellite to include the fraction not observed
by S4. This is shown in the Figure with a dot-dashed
line.

As discussed in Section III, ULAs a↵ect largely the
high-` damping tail of the CMB lensing deflection power,
and so improvements in the noise properties at small an-
gular scales tightens constraints on ULAs. Moving to
small, deep patches of the sky does not reduce the error:
to constrain ULAs we need larger sky area given a total
noise budget.

V. CONCLUSIONS

We live in the age of precision cosmology. Future ex-
periments like the proposed CMB-S4 will significantly
improve constraints on the composition of the dark sec-
tor. We have shown in detail how this is achieved in
the case of ultra-light axions, including degeneracies with
dark radiation and massive neutrinos. CMB-S4 will move
the wall of ignorance for the heaviest axion candidates

FIG. 10. Constraints on the axion fraction as a func-
tion of survey parameters: We vary the resolution and
sensitivity for a range of ‘CMB-S4’ survey parameters, around
the baseline parameters of 1 µK-arcmin, a resolution of 1 ar-
cmin and a baseline sky fraction for CMB-S4 of fsky = 0.4,
which is supplemented with a correspondingly reduced area of
the Planck sky. The error degrades slowly with worse resolu-
tion (solid line) and sensitivity (dashed line). The dot-dashed
line shows the constraints for fixed observing time, changing
the fraction of sky and accordingly modifying the sensitivity
of the ‘CMB-S4-like’ survey (and the amount of sky covered in
corresponding Planckmaps). Since the ULAs a↵ect the small-
scale damping tail and the lensing deflection most strongly,
moving to small, sensitive patches of the sky increases the er-
ror on the axion density (as opposed to having a fixed value
of fsky but pushing for lower instrumental noise levels). Con-
versely, tripling the beam size does not have a strong e↵ect
on the error on the axion fraction.

from ma = 10�26 eV to ma = 10�24 eV (detection with
an axion fraction of 20% at > 3�).

The lower limit on the dominant DM particle mass
will be increased from ma = 10�25 eV to ma = 10�23 eV
(1� constraints rule out large fractions). This begins to
make contact with the much more systematic-laden up-
per bounds on the axion mass and fraction from high-
z galaxies and reionization: ⌦a/⌦d < 0.5 for ma =
10�23 eV and ma & 10�22 eV for the dominant com-
ponent [44–46]. This value approaches the mass range
needed to explain dwarf galaxy cores and missing Milky
Way satellites (e.g. Refs. [36, 47–49]).

Perhaps more impressively, the constraints on the ax-
ion energy density at intermediate mass could improve
by an order of magnitude. CMB-S4 could detect an ax-
ion fraction as low as 0.02 at > 13� for an axion mass of
10�27 eV.

Given the power of these future e↵orts, it will be pos-
sible to probe the degeneracies between ULAs and other
potential DM components, such as massive neutrinos,
and light species such as massless sterile neutrinos.
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60
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ma & 10�26 eV HI . 1013.5 GeV

108 GeV . HI . 1010 GeV4⇥ 10�8 eV & ma & 4⇥ 10�11 eV

4⇥ 10�4 eV & ma & 4⇥ 10�5 eV 106 GeV . HI . 107 GeV

Implications for measuring the scale of primordial inflation

Could be probed by ADMX/CASPER (ongoing/upcoming axion search experiments)
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100 Dark Matter

We forecast the errors on axion isocurvature for the base line CMB-S4 experiment with a 1 µK-arcmin

noise level and a 1 arcminute beam: the isocurvature limit will be improved by a factor of approximately

five compared to Planck, allowing for detection of axion-type isocurvature at 2� significance in the region

0.008 < AI/As < 0.038.

The axion isocurvature amplitude is:

AI =

✓

⌦a

⌦d

◆2
(HI/Mpl)

2

⇡2
(�i/Mpl)

2
. (5.3)

The initial axion displacement, �i, fixes the axion relic abundance such that ⌦a = ⌦a(�i, ma) [470, 471, 472,

473, 474, 475]. Thus, if the relic density and mass can be measured by independent means, a measurement
of the axion isocurvature amplitude can be used to measure the energy scale of inflation, HI

If the QCD axion is all of the DM, axion direct detection experiments can be used in conjunction with

CMB-S4 to probe HI in the range

2.5 ⇥ 10

6 . HI/GeV . 4 ⇥ 10

9
(QCD axion + direct detection) (5.4)

This is demonstrated in Fig. 33 (left panel) for the case of ADMX [476] (in operation), and CASPEr [477]

(proposed), where we have used the standard formulae relating the QCD axion mass and relic abundance

to the decay constant (e.g. Ref. [467]).

2 Combining axion DM direct detection with CMB-S4 isocurvature
measurements allows a unique probe of low-scale inflation, inaccessible to searches for tensor modes.
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Figure 33. Axion dark matter isocurvature. Red bands show the isocurvature amplitude consistent
with Planck and detectable with CMB-S4. Left Panel: The QCD axion: measuring the energy scale
of inflation with CMB-S4+axion direct detection. Here we restrict axions to be all of the DM. The purple
regions show the range of fa accessible to axion direct detection experiments. Combining ADMX [476] (in
operation), CASPEr [477] (proposed), and CMB-S4 it is possible to measure 4 ⇥ 10

5 . HI/GeV . 4 ⇥ 10

9.
Right Panel: ALPs - a combination measurement using CMB-S4 alone. Assuming 1% of the total DM
resides in an ultralight axion, the mass and axion density can be determined to high significance using, for
example, the lensing power. The isocurvature amplitude can also be determined, allowing for an independent
determination of HI in the same regime as is accessible from tensor modes (purple band).

We now consider isocurvature in ultralight ALPs (ULAs, see e.g. Refs. [483, 479]). ULA DM has a number of

distinctive features in large scale structure and the CMB [464, 484]. For ULAs with 10

�32 . ma/eV . 10

�23

a DM fraction of ⌦a/⌦d in the range of 1% is consistent with Planck [464] and high-z galaxy formation [485,

2

In simple models of inflation, the high-fa QCD axion is incompatible with detection of tensor modes [467, 468, 478, 479, 478],

although non-standard cosmic thermal histories of PQ breaking mechanisms can lift constraints , e.g. [480, 481, 482].
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Right Panel: ALPs - a combination measurement using CMB-S4 alone. Assuming 1% of the total DM
resides in an ultralight axion, the mass and axion density can be determined to high significance using, for
example, the lensing power. The isocurvature amplitude can also be determined, allowing for an independent
determination of HI in the same regime as is accessible from tensor modes (purple band).

We now consider isocurvature in ultralight ALPs (ULAs, see e.g. Refs. [483, 479]). ULA DM has a number of

distinctive features in large scale structure and the CMB [464, 484]. For ULAs with 10

�32 . ma/eV . 10

�23

a DM fraction of ⌦a/⌦d in the range of 1% is consistent with Planck [464] and high-z galaxy formation [485,

2

In simple models of inflation, the high-fa QCD axion is incompatible with detection of tensor modes [467, 468, 478, 479, 478],

although non-standard cosmic thermal histories of PQ breaking mechanisms can lift constraints , e.g. [480, 481, 482].
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The observational/experimental horizon for axion dark 
matter/dark energy tests is bright!


