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Fourier analysis of primordial sound
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What can the CMB tell us about dark-matter and dark-energy particle physics?



Fourier analysis of primordial sound

3Shane Larson 2013
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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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What can the CMB tell us about dark-matter and dark-energy particle physics?



✴Axion gets mass through non-perturbative QCD effects 

  

       Peccei + Quinn (1977), Weinberg +Wilczek (1978), Kim (1979), Shifman et. al (1980),  
       Zhitnitsky (1980), Dine et al. (1981), D.B. Kaplan (1985), A.E Nelson (1985,1990)

✴  Couples to SM gauge fields (via fermions) 

✴Dynamically erases QCD CP-violation 

New scalar field with global U(1) symmetry!

What are axions?
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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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Experimental constraints 
ULA and axion-like particles (ALPs)
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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
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Experimental desert: Gravitational constraints essential

From arXiv: 1205.2671
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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
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Cosmological abundance limits



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

7
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

7

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



✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds

Ultra-light axions (ULAS) in string theory

8
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✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds

✴ Mass acquired non-perturbatively (instantons, D-Branes)
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✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds
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✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds
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✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds

Ultra-light axions (ULAS) in string theory
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Axiverse! Arvanitaki+ 2009 
Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012) 



✴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

9

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

�⌘ ⇠ (ma)�1 ⌧ �⌘CAMB

Growth of ula perturbations
✴Perturbed Klein-Gordon + Gravity

)

k = 2⇡/�



✴Modes with                                 oscillate instead of growing 

Effective fluid formalism for ULA DM

9

Growth of ula perturbations

k � kJ ⇠
p
mH

CDM 
Axion DM 

k = 2⇡/�



AxiCAMBAxionCAMB

Thomson scattering

gravitational perturbations

photonsbaryons

dark matter neutrinos

NR fluid eqs.

Boltzmann equationNR fluid eqs.

Einstein equationsAXIONS!

Included in H recombination 
Expansion history

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

CMB and matter perturbation code including ULAs!

Code by Grin et al. 2013, based on CAMB (A. Lewis) 
http://github.com/dgrin1/axionCAMB

http://github.com/dgrin1/axionCAMB


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
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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

11

✴Nested sampling, MCMC, vary ma,⌦ah
2,⌦ch

2,⌦bh
2,⌦

⇤

, ns, As, ⌧reion
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CONSTRAINTS

arXiv: 1708.05681, submitted to Phys. Rev. D 
arXiv: 1607.08208, Phys. Rev. D 95, 123511 (2017). 
 arXiv:1410.2896, Phys. Rev. D 91, 103512 (2015) 
 arXiv:1403.4216, Phys. Rev. Lett. 113, 011801 (2014) 
arXiv:1303.3008, Phys. Rev. D 87, 121701(R) (2013) 

Comparison with data

R.Hlozek, DG, D.J. E. Marsh, P.Ferreira



✴Tight constraints over 7 orders of magnitude in mass: 

Thanks to AXIONCAMB and Planck 

✴ULAs are viable DM/DE candidates in linear theory outside ``belly” 12

CONSTRAINTS

Allowed

19

TABLE I. Constraints on the cosmological parameters in the axion model in the tightly constrained (data-driven) mass range
�32  log

10

(ma/eV)  �25.5. The one-sided limits are upper 95% bounds, while the error bars quoted represent the upper
and lower 95% errors. The lower limit should be the central value minus the error bar.

Parameter Planck + highL+lowL+WP (CMB) CMB+ WiggleZ

⌦ah
2 < 0.0058 < 0.0062

⌦ch
2 0.119+0.005

�0.008 0.121+0.004
�0.005

⌦a/⌦d < 0.048 < 0.049

�i/M
pl

0.073+0.1482
�0.058 0.089+0.239

�0.073

log(1010As) 3.092± 0.046 3.091± 0.046

ns 0.959± 0.012 0.956± 0.011

⌧
re

0.091± 0.025 0.089± 0.025

100⌦bh
2 2.212+0.043

�0.045 2.201± 0.046

H
0

[km/s/Mpc] 67.3+2.4
�3.5 66.2+2.4

�4.9

FIG. 13. Marginalized 2 and 3� contours in the ma � ⌦ah
2 plane for both the CMB-only and CMB+WiggleZ combinations

of data sets. The left panel shows the contours with the axion density shown on logarithmic scale, while the right hand side
shows the same contours on a linear scale. We obtain constraints of ⌦ah

2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
straints on various parameters. The constraints in each
local mass range (low, medium, high) are shown to
demonstrate the physical e↵ects of ULAs of di↵erent
masses. In the high-mass regime, ULAs are degener-
ate with CDM. Both ⌦ah

2 and ⌦ch
2 can therefore go to

zero, with upper bounds close to the ⇤CDM constraint
on ⌦ch

2. In the high-mass regime ⌦
⇤

is unchanged from
its ⇤CDM value near 0.68. In the low-mass regime,
ULAs are degenerate with DE, and so ⌦

⇤

can become
small compared to its ⇤CDM value, while ⌦ch

2 remains
sharply peaked near ⌦ch

2 = 0.12. In the medium-mass
regime, ULAs are neither degenerate with CDM nor DE
and ⌦ah

2 in constrained to be small. The constraints

from the CMB (left panel) and CMB+WiggleZ (right
panel) are qualitatively similar, with WiggleZ adding ad-
ditional constraining power in the medium-mass regime.

E. Local limits

The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
might also ask a related question - in a narrowly defined
mass bin, what are the limits on the fraction, and how do
these compare to the constraints in the two-dimensional
ma � (⌦a/⌦d) plane?

We compare the one-dimensional limit computed

0.1
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0.4 
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2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
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demonstrate the physical e↵ects of ULAs of di↵erent
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regime, ULAs are neither degenerate with CDM nor DE
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2 in constrained to be small. The constraints
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panel) are qualitatively similar, with WiggleZ adding ad-
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The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
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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
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⌦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
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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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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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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TABLE I. Constraints on the cosmological parameters in the axion model in the tightly constrained (data-driven) mass range
�32  log

10

(ma/eV)  �25.5. The one-sided limits are upper 95% bounds, while the error bars quoted represent the upper
and lower 95% errors. The lower limit should be the central value minus the error bar.

Parameter Planck + highL+lowL+WP (CMB) CMB+ WiggleZ

⌦ah
2 < 0.0058 < 0.0062

⌦ch
2 0.119+0.005

�0.008 0.121+0.004
�0.005

⌦a/⌦d < 0.048 < 0.049

�i/M
pl

0.073+0.1482
�0.058 0.089+0.239

�0.073

log(1010As) 3.092± 0.046 3.091± 0.046

ns 0.959± 0.012 0.956± 0.011

⌧
re

0.091± 0.025 0.089± 0.025

100⌦bh
2 2.212+0.043

�0.045 2.201± 0.046

H
0

[km/s/Mpc] 67.3+2.4
�3.5 66.2+2.4

�4.9

FIG. 13. Marginalized 2 and 3� contours in the ma � ⌦ah
2 plane for both the CMB-only and CMB+WiggleZ combinations

of data sets. The left panel shows the contours with the axion density shown on logarithmic scale, while the right hand side
shows the same contours on a linear scale. We obtain constraints of ⌦ah

2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
straints on various parameters. The constraints in each
local mass range (low, medium, high) are shown to
demonstrate the physical e↵ects of ULAs of di↵erent
masses. In the high-mass regime, ULAs are degener-
ate with CDM. Both ⌦ah

2 and ⌦ch
2 can therefore go to

zero, with upper bounds close to the ⇤CDM constraint
on ⌦ch

2. In the high-mass regime ⌦
⇤

is unchanged from
its ⇤CDM value near 0.68. In the low-mass regime,
ULAs are degenerate with DE, and so ⌦

⇤

can become
small compared to its ⇤CDM value, while ⌦ch

2 remains
sharply peaked near ⌦ch

2 = 0.12. In the medium-mass
regime, ULAs are neither degenerate with CDM nor DE
and ⌦ah

2 in constrained to be small. The constraints

from the CMB (left panel) and CMB+WiggleZ (right
panel) are qualitatively similar, with WiggleZ adding ad-
ditional constraining power in the medium-mass regime.

E. Local limits

The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
might also ask a related question - in a narrowly defined
mass bin, what are the limits on the fraction, and how do
these compare to the constraints in the two-dimensional
ma � (⌦a/⌦d) plane?

We compare the one-dimensional limit computed

⇢
axion

⇢
tot
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Figure 6. Constraints on mixed dark matter: the constraints on
p

Wah2 in each mass bin for both the adiabatic only case, and the combined adiabatic and
isocurvature constraints, indicated in the left and right panels respectively. The 68% and 95% upper limits are shown as dark and light blue lines, and the
95% upper limit is also indicated numerically. Adding isocurvature tightens the constraints by 10-20% for the heaviest axions, and does affect the limits for
lighter axions. To aid visualisation, the MCMC samples for each ma bin are plotted with a random horizontal scatter within the bin. Points are coloured by
the point density defined by a Gaussian kernel density estimate, with brighter colours indicating higher density. The data combination used is the Planck 2015
temperature and polarisation high-` and low-` likelihoods, as well as the Planck minimum variance lensing likelihood for 40  `  400.

Data set Wah2 Wch2 WL H0 [kms�1Mpc�1]

Planck T < 0.0049 0.1190±0.0024 0.68±0.02 67.04±1.68
Planck T+P < 0.0027 0.1199±0.0016 0.68±0.01 67.12±0.99

Planck T+lens < 0.0040 0.1189±0.0025 0.68±0.02 67.10±1.51
Planck T+P+lens < 0.0028 0.1197±0.0016 0.68±0.02 67.10±1.51

Planck T+P+lens+BAO < 0.0027 0.1196±0.0016 0.68±0.01 67.13±1.05

Table 4. Adiabatic constraints on 10�28 eV axions: 95% C.L. upper bounds on the axion density, and 1s errors on other parameters for one ‘belly-like’
ULA, showing the effect of combining different data sets. The Wah2 posterior distributions are shown in Figure 7.

at the 2d posterior correlations between Wa and inflationary param-
eters, and how these correlations depend on ma. In our analysis
we treated HI as a primary parameter, and enforced consistency be-
tween the isocurvature and tensor amplitudes (see Section 3.3.1 and
Appendix C3). Fig. 8 shows constraints in the (HI ,Wah2) plane for
the two highest axion masses. In both cases there are regions of the
allowed parameter space permitting large values of the axion den-
sity and in addition 1013 GeV . HI . 1014 GeV. The distribution
has a slope, with large axion density requiring smaller values of HI .
As illustrated in Figure 1, at this value of HI , the isocurvature and
tensor spectra for these different masses are similar in amplitude on
large scales, and so HI must take lower values if Wah2 contributes
significantly to the DM density.

The bounds on the derived parameters biso and r(d) in each
mass bin are summarised in Table 3. Fig. 9 demonstrates how the
distribution of each derived parameter depends on the axion mass
and energy density. In this figure, we colour the MCMC sample
points by the value of the derived parameter, and show only those
points where the derived parameter is larger than 0.01. The isocur-
vature mode dominates the constraints at high axion mass and frac-
tion, forcing r(d) < 0.01.

In the “belly” of the U, isocurvature constraints are negligible,
and the constraints from tensor modes force biso < 0.01 (Marsh
et al. 2013). In some regions there is a balance allowing both r(d)

and biso of order a few percent. This is our so-called “window-of-
coexistence”, and allows for an interplay between constraints on
DM and inflation in the CMB. One region is for ma = 10�25 eV

and ma = 10�24 eV with fax ⇡ 0.1. In this regime the axDI mode
is virtually indistinguishable from the CDI mode at the accuracy the
data. The second region is for ma = 10�33 eV and 0.4 < fax < 0.8,
which allows a large contribution of quintessence-type isocurva-
ture.

Fig. 10 shows the correlation between r(d) and Wah2. For low
axion mass, ma = 10�26 eV, the bound on r(d) . 0.1 is indepen-
dent of Wah2. The bound is comparable to the Planck only con-
straints on an adiabatic+tensor (no isocurvature) model in the ab-
sence of additional constraints on r from low-` B-modes (eg. from
BICEP/KECK). Our posterior on r(d) leads to a slightly tighter con-
straint than the Planck Collaboration et al. (2016b) analysis due to
the change of variables when using HI as the primary parameter
(see Appendix C3). For each of the higher axion masses, our con-
straint on r(d) is tighter still, due to the importance of the isocurva-
ture constraint and marginalisation over Wah2.

After marginalising over Wah2 we find the 95% C.L. bound

r(d) < 0.01; (ma = 10�24 eV) , (35)

significantly more stringent than direct constraints to r from the
tensor contribution to theC`’s alone and highlights the constraining
power of isocurvature on inflationary physics in the ULA scenario.
The tighter limit is driven by the marginalisation and reflects that,
on average, ma = 10�24 eV is consistent with a value of r = 0.01.

After marginalising over Wah2 we find the 95% C.L. bound

biso < 0.03; (ma = 10�24 eV) , (36)
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Figure 1. Plot illustrating the evolution of the raw sensitivity of CMB experiments, which scales as
the total number of bolometers. Ground-based CMB experiments are classified into Stages with Stage II
experiments having O(1000) detectors, Stage III experiments having O(10,000) detectors, and a Stage IV
experiment (such as CMB-S4) having O(100,000) detectors. Figure from Snowmass CF5 Neutrino planning
document.

Lastly it would be an oversight not to point out the obvious: there is only one CMB sky. It holds a wealth
of information on fundamental physics and the origin and evolution of the Universe. While we have learned
a great deal from CMB measurements, including discoveries that have pointed the way to new physics, we
have only begun to tap the information contained in CMB polarization, CMB lensing and secondary e↵ects.
CMB-S4 should be designed to maximize discovery space by producing high-fidelity maps.

1.3 From science goals to CMB-S4 design

1.3.1 Conceptual design of CMB-S4

The science goals discussed above leads to a rough conceptual design of CMB-S4, which we describe below.

1.3.1.1 Sensitivity and detector count

The sensitivity of CMB measurements has increased enormously since Penzias and Wilson’s discovery in
1965, following a Moore’s Law like scaling, doubling every roughly 2.3 years. Fig. 1 shows the sensitivity of
recent experiments as well as expectations for upcoming Stage 3 experiments, characterized by order 10,000
detectors on the sky, as well as the projection for a Stage 4 experiment with order 100,000 detectors. To
obtain many of the CMB-S4 science goals requires of order 1 µK arcminute sensitivity over roughly half of
the sky, which for a four-year survey requires of order 500,000 CMB-sensitive detectors.

CMB-S4 Science Book
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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.

Fisher forecast using OXFISH code— OOM 
improvement driven by lensing
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Fuzzy simulations (and analytic modeling) are heating up!

Cores! (Hu/Gruzinov/Barkana 2001, see also Marsh and Silk 2013, Marsh 
and Pop 2015, Matos 2012, Schive 2014, Vogelsberger 2017, and others)
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TABLE I. Constraints on the cosmological parameters in the axion model in the tightly constrained (data-driven) mass range
�32  log

10

(ma/eV)  �25.5. The one-sided limits are upper 95% bounds, while the error bars quoted represent the upper
and lower 95% errors. The lower limit should be the central value minus the error bar.

Parameter Planck + highL+lowL+WP (CMB) CMB+ WiggleZ

⌦ah
2 < 0.0058 < 0.0062

⌦ch
2 0.119+0.005

�0.008 0.121+0.004
�0.005

⌦a/⌦d < 0.048 < 0.049

�i/M
pl

0.073+0.1482
�0.058 0.089+0.239

�0.073

log(1010As) 3.092± 0.046 3.091± 0.046

ns 0.959± 0.012 0.956± 0.011

⌧
re

0.091± 0.025 0.089± 0.025

100⌦bh
2 2.212+0.043

�0.045 2.201± 0.046

H
0

[km/s/Mpc] 67.3+2.4
�3.5 66.2+2.4

�4.9

FIG. 13. Marginalized 2 and 3� contours in the ma � ⌦ah
2 plane for both the CMB-only and CMB+WiggleZ combinations

of data sets. The left panel shows the contours with the axion density shown on logarithmic scale, while the right hand side
shows the same contours on a linear scale. We obtain constraints of ⌦ah

2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
straints on various parameters. The constraints in each
local mass range (low, medium, high) are shown to
demonstrate the physical e↵ects of ULAs of di↵erent
masses. In the high-mass regime, ULAs are degener-
ate with CDM. Both ⌦ah

2 and ⌦ch
2 can therefore go to

zero, with upper bounds close to the ⇤CDM constraint
on ⌦ch

2. In the high-mass regime ⌦
⇤

is unchanged from
its ⇤CDM value near 0.68. In the low-mass regime,
ULAs are degenerate with DE, and so ⌦

⇤

can become
small compared to its ⇤CDM value, while ⌦ch

2 remains
sharply peaked near ⌦ch

2 = 0.12. In the medium-mass
regime, ULAs are neither degenerate with CDM nor DE
and ⌦ah

2 in constrained to be small. The constraints

from the CMB (left panel) and CMB+WiggleZ (right
panel) are qualitatively similar, with WiggleZ adding ad-
ditional constraining power in the medium-mass regime.

E. Local limits

The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
might also ask a related question - in a narrowly defined
mass bin, what are the limits on the fraction, and how do
these compare to the constraints in the two-dimensional
ma � (⌦a/⌦d) plane?

We compare the one-dimensional limit computed
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see also work by Urena-Lopez and Gonzalez-Morales, JCAP, arXiv: 1511.08195 
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Summing over many waves, we get the following 
polarization patterns around hot and cold spots:
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For the ma � 10�27 eV axion DM models shown, the domi-
nant effect in the E-mode power is caused by the wa transition. The
different early time equation of state alters the diffusion damping
scale compared to CDM and changes the decay rate of gravitational
potential wells, which drives the redshifting photons through the
early integrated Sachs-Wolfe (ISW) effect. Both effects change the
ratio of the acoustic peaks. The same effect is observed in the tem-
perature anisotropies (H15). Deep in the radiation dominated era,
both the axion and CDM energy densities becomes increasingly ir-
relevant. Differences between the axion and CDM equation of state
at z � zdec (where zdec is the decoupling redshift) thus have little
effect on the diffusion damping, and the CDM and ULA models
become virtually indistinguishable in the EE power at the percent
level for ` < 2000 for ma > 10�25 eV. This is consistent with the
size of the effects in the T T power in H15.

The adiabatic T T constraints of H15 on the axion energy den-
sity relative to CDM are rather permissive for ma � 10�25.5. Fig. 2
demonstrates that the addition of lensing and EE power (not to
mention cross-correlations) will tighten constraints relative to T T
alone for all ma < 10�24 eV, but will not improve constraints at
higher mass.

3.3 Isocurvature in axion models

3.3.1 Inflationary physics of isocurvature

In the canonical cosmological model, perturbations in all species
are seeded by curvature fluctuations laid down during inflation, and
these perturbations are adiabatic, which is to say entropy fluctua-
tions between the ith species and photons vanish:

Sig ⌘ dni
ni

�
dn

g

n
g

= 0. (4)

In the adiabatic mode the axion fluctuation da ⇡ 0 at leading or-
der when H � ma and the axions only later (when H ⌧ ma) de-
velop fluctuations in da from the curvature perturbations in the
other species (H15).

If the Peccei-Quinn symmetry is broken during inflation, that
is if fa < HI/2p , and ma ⌧ HI , then the axion is a spectator
field during inflation. The axion field then carries deSitter-space
vacuum fluctuations with dimensionless power spectrum (e.g. Ax-
enides et al. 1983; Seckel & Turner 1985; Turner & Wilczek 1991;
Lyth 1992; Fox et al. 2004; Hertzberg et al. 2008; Komatsu et al.
2009)

D
df

= A
f

✓

k
k0

◆niso�1
. (5)

The amplitude and spectral index are given by:

A
f

=

✓

HI
2p

◆2
; niso = 1�2e , (6)

and the inflationary slow-roll parameter e = A
f

/(2M2
plAs). As long

as the Peccei-Quinn symmetry is not restored after inflation (e.g.
by thermal fluctuations or parameteric resonance) the axion field
fluctuations source isocurvature axion density perturbations with
spectrum:

D
da
= Aiso

✓

k
k0

◆niso�1
, (7)

where Aiso = 4A
f

/f̄

2
i , with f̄i the background field value. For stan-

dard slow-roll inflation we have e ⌧ 1 and so axions carry a nearly

scale-invariant power spectrum. Since they are energetically sub-
dominant (and thus don’t contribute to to the total curvature fluc-
tuation z ), axions source primordial isocurvature fluctuations, with
primordial power-spectrum DSa = D

da
. This isocurvature mode is

called the axion density isocurvature (axDI) mode.
Because the Peccei-Quinn symmetry in this scenario is broken

during inflation, the axion field has a nearly uniform initial field
value across horizon-size patches:

f̄

2
i = f 2

a q

2
i +(HI/2p)2 ⇡ f 2

a q

2
i ⇠ f 2

a , (8)

where the “initial misalignment angle” is qi 2 [�p,p]. The initial
field value fixes the ULA relic density as described in Appendix A.

The second term in the first equality in Eq. (8) emerges from
the variance of the vacuum fluctuations [Eqs. (5) and (6)] and can
be safely neglected for the models of interest since one requires
f̄i � 1014 GeV � HI for ULAs with non-negligible relic density,
implying fa � HI . This guarantees that all the ULA models we
study in the (ma,Wah2) plane must, by necessity, be accompanied
by the axDI mode. We have checked that this approximation is self-
consistent, as shown in Fig. 12 and discussed in Section 5.

Furthermore, in this scenario residual populations of thermal
axions and axion topological defects are diluted away by inflation.
Thus the ULA models we study have relic density sourced entirely
by the classical evolution of the axion field.4

Just like axions, gravitons are massless spectator fields dur-
ing inflation, and therefore the same parameters that set the ax-
ion isocurvature spectrum also determine the dimensionless tensor
power spectrum (e.g. Baumann 2009):

D2
t = rAs

✓

k
k0

◆nT

, (9)

The tensor to scalar ratio and tensor spectral index are given by:

r = 16e ⇡ 0.17
✓

2.1⇥10�9

As

◆✓

HI
1014 GeV

◆2
, (10)

nT = 2e . (11)

In all of our constraints we enforce the consistency relations for
niso, nT, r, and Aiso by using HI as our primary cosmological pa-
rameter. By bounding the possible contribution of the combined
tensor and isocurvature modes to the CMB power, we bound HI .

Due to the axion being a stable spectator field, the axDI isocur-
vature mode is uncorrelated with the adiabatic mode, hz dfi ⇡ 0,
and so the total CMB power is given by the sum, Cadi

` +Ciso
` +Ctens

` ,
where Ctens

` is the power (in our case T , E, or lensing convergence
and cross spectra) sourced by the tensor mode. These considera-
tions lead to the total spectra shown in Fig. 1. It is the close agree-
ment of observed CMB anisotropy power spectra with the adia-
batic model that allows severe constraints to isocurvature and ten-
sor modes to be imposed from Planck satellite measurements and
other CMB data (Planck Collaboration et al. 2016b).

For the well-known case of QCD axion isocurvature (see e.g.
Steinhardt & Turner 1983; Turner 1986; Turner & Wilczek 1991;
Komatsu et al. 2009; Wantz & Shellard 2010; Visinelli & Gon-
dolo 2010; Bennett et al. 2013), taking the DM to be entirely
composed of the QCD axion, and assuming standard formulae for

4 We ignore the possible production of axions from decays of heavy par-
ticles after inflation. Such axions can be modelled in AXIONCAMB using
the effective neutrino parameter Neff. For interesting consequences of rela-
tivistic thermal axions in the CMB and direct detection, see Baumann et al.
(2016).
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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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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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Figure 9. Derived inflationary parameters: the left and right panels show scatter plots from MCMC chains for all samples that satisfy either biso > 0.01
or r(d) > 0.01 respectively. The isocurvature is only non-trivial for the DM-like axions with ma = (10�24,10�25) eV, and the lightest DE-like axions ma =
10�33 eV. In the intermediate regime isocurvature is negligible and constraints are driven by limits to the tensor amplitude. This leads to constraints on the
allowed value of the tensor-to-scalar ratio r(d) as shown in Figure 10, and is also shown through a 2D contour plot in Figure 11. Note that the points are not
explicitly weighted by the posterior (as in e.g. Figure A1), but the point density of the chains is representative of the goodness of fit.

Figure 10. Constraints on the derived tensor amplitude: At low ax-
ion mass the isocurvature mode is negligible due to the bound on Wah2

in the mixed DM model. The derived bound r(d) < 0.09 at 95% C.L. for
ma = 10�26 eV is driven by the tensor contribution to the T and E modes.
As the axion mass, and thus energy density, increase, the axion isocurvature
contribution becomes more important, tightening the derived constraint to
r(d)  0.04 and r(d)  0.01 for ma = 10�25 eV and ma = 10�24 eV respec-
tively.

isfied at a high level of confidence. The degree of confidence to
which this is respected is dependent on our linear prior on Wah2. A
more physical prior would require modelling the distribution of de-
cay constants in a particular model, e.g. M-theory as in Stott et al.
(2017).

We recall that the initial field value is set by the decay con-
stant as fi ⇡ qi fa (Eq. 8). Since |qi|  p we have that |fi|  p fa.
The condition for production of isocurvature perturbations is ap-
proximately fa & HI/2p , up to thermal corrections to the potential.
If |fi| � HI then fa � HI and spontaneous symmetry breaking for

Figure 11. Tensor-isocurvature coexistence: marginalised 2D contours in
the biso � rtens plane. Only for the DM-like axions is there both a non-
negligble tensor-mode contribution while also an appreciable amplitude of
isocurvature, as also illustrated in Figure 9.

a ULA field with a cosmologically relevant density must occur be-
fore or during inflation. Therefore our assumption that such a ULA
is accompanied by isocurvature perturbations is valid.7

7 This conclusion can be modified in the presence of “monodromy” (e.g.
Silverstein & Westphal 2008; Jaeckel et al. 2017) or multi-field mechanisms
(e.g. Liddle et al. 1998; Kim et al. 2005; Dimopoulos et al. 2008; Bachlech-
ner et al. 2017; Stott et al. 2017). A particularly interesting possibility is the
“clockwork” mechanism, which can lower the symmetry breaking scale as
far as 1 TeV while maintaining very large field excursions, (see e.g. Kaplan
& Rattazzi 2016; Higaki et al. 2016).

MNRAS 000, 000–000 (0000)
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Fuzzy simulations (and analytic modeling) are heating up!

Cores! (Hu/Gruzinov/Barkana 2001, see also Marsh and Silk 2013, Marsh 
and Pop 2015, Matos 2012, Schive 2014, Vogelsberger 2017, and others)

6 B. Bozek et al

Figure 2. Sheth-Tormen mass function for ULAs including scale-dependent growth, shown for each redshift in the range
0 6 z 6 14. The result for CDM is shown for reference. Left Panel: ma = 10�22 eV, ⌦a/⌦d = 0.5. Right Panel: ma = 10�22 eV,
⌦a/⌦d = 1.

the values of the parameters evolve linearly with red-
shift consistent with the trends in the data at redshifts
6-10 (see the above cited works for the model details).
The data the Bouwens et al. (2014) luminosity func-
tion is based on includes more recent data than that of
Kuhlen & Faucher-Giguère (2012), but both models are
consistent with the current data set.

The parameterized fit to the observed galaxy lu-
minosity function and the dark-matter halo mass func-
tion of a given model are, at each redshift, integrated
to obtain, respectively, the cumulative galaxy luminos-
ity function, �(< MAB), the number density of galax-
ies brighter than MAB and the cumulative dark-matter
halo mass function, n(> Mh), the number density of
haloes more massive than Mh. For each dark-matter
model, an absolute magnitude, MAB , is assigned to a
dark matter halo mass, Mh by matching number den-
sities in the cumulative functions i.e. according to the
relation:

�(< MAB , z) = n(> Mh, z). (7)

This gives the dark matter halo mass-galaxy luminosity
relations, Mh(MAB), shown in Figure 3. The Mh(MAB)
relation is then used to convert the cumulative dark-
matter mass function of a given model into a predicted
cumulative galaxy luminosity function.

This may appear to be a circular process but the
predicted cumulative luminosity function for each dark-
matter model will match exactly with the input cumu-
lative galaxy luminosity function derived from obser-
vations only provided that the dark-matter halo mass
function actually contain low-mass haloes of a su�cient
(cumulative) number density to match the faint end of
the observed luminosity function – otherwise the pre-
dicted luminosity function will end prematurely com-
pared to observations.

Indeed, a truncation in the halo mass function at

some minimum halo mass, as shown in the right panel
of Fig. 2, leads to a corresponding truncation in the
Mh(MAB) relation, as is clearly seen for the ma =
10�22 eV, Model 1 (100% axion DM), case in Fig. 3. For
the case of a turnover in the halo mass function with-
out a complete truncation, as shown in the left panel
of Fig. 2, the Mh(MAB) relation will steepen such that
several orders of magnitude in dark matter halo mass
maps onto a nearly singular value of galaxy luminosity,
as can be seen for the ma = 10�22eV, Model 3 (50%
axion DM), case in Fig. 3. A truncation will occur in
the resulting aMDM cumulative luminosity function at
the corresponding magnitude for both cases. The termi-
nal value in the aMDM cumulative luminosity function,
therefore, indicates the minimum mass scale of galaxy
formation at each redshift based on whether a su�cient
number of DM halos of that mass scale have collapsed.

The advantage of the abundance-matching proce-
dure is that it provides a pathway to constraining DM
mass functions by directly comparing to galaxy observa-
tions without appealing to uncertain galaxy formation
physics. The Mh(MAB) relation additionally serves as a
prediction for validation or rejection of a given theory.

Schultz et al. (2014) used a di↵erent methodology
in their abundance-matching procedure for the WDM
case. Those authors used the Mh(MAB) relation ob-
tained from the CDM abundance-matching when con-
structing the predicted WDM cumulative luminosity
functions. Their argument for this choice was the un-
known galaxy formation physics that accounts for their
Mh(MAB) relation should be based on CDM, as WDM
mass functions would require a more e�cient galaxy for-
mation process in low-mass galaxies. Our approach uses
the same DM mass function at the beginning and end of
the abundance-matching procedure, which we consider
to be more self-consistent.

c� 0000 RAS, MNRAS 000, 000–000

The evolution of a spherical overdensity in an infinite background can 
be followed analytically
 

THE TOP-HAT COLLAPSE MODEL

Consider a spherically symmetric, slightly overdense 
perturbation in a critical-density universe

Evolution in linear theory:

According to Birkhoff's theorem, the spherical perturbation evolves independently of the 
outside. Since it is slightly overdense, it behaves like a closed universe.

Cyclic evolution of a closed 
universe in parametric form:
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the values of the parameters evolve linearly with red-
shift consistent with the trends in the data at redshifts
6-10 (see the above cited works for the model details).
The data the Bouwens et al. (2014) luminosity func-
tion is based on includes more recent data than that of
Kuhlen & Faucher-Giguère (2012), but both models are
consistent with the current data set.

The parameterized fit to the observed galaxy lu-
minosity function and the dark-matter halo mass func-
tion of a given model are, at each redshift, integrated
to obtain, respectively, the cumulative galaxy luminos-
ity function, �(< MAB), the number density of galax-
ies brighter than MAB and the cumulative dark-matter
halo mass function, n(> Mh), the number density of
haloes more massive than Mh. For each dark-matter
model, an absolute magnitude, MAB , is assigned to a
dark matter halo mass, Mh by matching number den-
sities in the cumulative functions i.e. according to the
relation:

�(< MAB , z) = n(> Mh, z). (7)

This gives the dark matter halo mass-galaxy luminosity
relations, Mh(MAB), shown in Figure 3. The Mh(MAB)
relation is then used to convert the cumulative dark-
matter mass function of a given model into a predicted
cumulative galaxy luminosity function.

This may appear to be a circular process but the
predicted cumulative luminosity function for each dark-
matter model will match exactly with the input cumu-
lative galaxy luminosity function derived from obser-
vations only provided that the dark-matter halo mass
function actually contain low-mass haloes of a su�cient
(cumulative) number density to match the faint end of
the observed luminosity function – otherwise the pre-
dicted luminosity function will end prematurely com-
pared to observations.

Indeed, a truncation in the halo mass function at

some minimum halo mass, as shown in the right panel
of Fig. 2, leads to a corresponding truncation in the
Mh(MAB) relation, as is clearly seen for the ma =
10�22 eV, Model 1 (100% axion DM), case in Fig. 3. For
the case of a turnover in the halo mass function with-
out a complete truncation, as shown in the left panel
of Fig. 2, the Mh(MAB) relation will steepen such that
several orders of magnitude in dark matter halo mass
maps onto a nearly singular value of galaxy luminosity,
as can be seen for the ma = 10�22eV, Model 3 (50%
axion DM), case in Fig. 3. A truncation will occur in
the resulting aMDM cumulative luminosity function at
the corresponding magnitude for both cases. The termi-
nal value in the aMDM cumulative luminosity function,
therefore, indicates the minimum mass scale of galaxy
formation at each redshift based on whether a su�cient
number of DM halos of that mass scale have collapsed.

The advantage of the abundance-matching proce-
dure is that it provides a pathway to constraining DM
mass functions by directly comparing to galaxy observa-
tions without appealing to uncertain galaxy formation
physics. The Mh(MAB) relation additionally serves as a
prediction for validation or rejection of a given theory.

Schultz et al. (2014) used a di↵erent methodology
in their abundance-matching procedure for the WDM
case. Those authors used the Mh(MAB) relation ob-
tained from the CDM abundance-matching when con-
structing the predicted WDM cumulative luminosity
functions. Their argument for this choice was the un-
known galaxy formation physics that accounts for their
Mh(MAB) relation should be based on CDM, as WDM
mass functions would require a more e�cient galaxy for-
mation process in low-mass galaxies. Our approach uses
the same DM mass function at the beginning and end of
the abundance-matching procedure, which we consider
to be more self-consistent.
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The evolution of a spherical overdensity in an infinite background can 
be followed analytically
 

THE TOP-HAT COLLAPSE MODEL

Consider a spherically symmetric, slightly overdense 
perturbation in a critical-density universe

Evolution in linear theory:

According to Birkhoff's theorem, the spherical perturbation evolves independently of the 
outside. Since it is slightly overdense, it behaves like a closed universe.

Cyclic evolution of a closed 
universe in parametric form:
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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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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
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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✴ Discovery of QCD axion/ULA dark matter              trouble for  

✴ GUT-scale inflation 

✴ Null prediction for primordial B-mode searches 

✴ Avoidable with non-trivial thermal history/richer PQ 
symmetry breaking story

QCD  
axion

AXION ISOCURVATURE AS AN INFLATIONARY PROBE
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HI ⇠ 1014 GeV
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Figure 1. Plot illustrating the evolution of the raw sensitivity of CMB experiments, which scales as
the total number of bolometers. Ground-based CMB experiments are classified into Stages with Stage II
experiments having O(1000) detectors, Stage III experiments having O(10,000) detectors, and a Stage IV
experiment (such as CMB-S4) having O(100,000) detectors. Figure from Snowmass CF5 Neutrino planning
document.

Lastly it would be an oversight not to point out the obvious: there is only one CMB sky. It holds a wealth
of information on fundamental physics and the origin and evolution of the Universe. While we have learned
a great deal from CMB measurements, including discoveries that have pointed the way to new physics, we
have only begun to tap the information contained in CMB polarization, CMB lensing and secondary e↵ects.
CMB-S4 should be designed to maximize discovery space by producing high-fidelity maps.

1.3 From science goals to CMB-S4 design

1.3.1 Conceptual design of CMB-S4

The science goals discussed above leads to a rough conceptual design of CMB-S4, which we describe below.

1.3.1.1 Sensitivity and detector count

The sensitivity of CMB measurements has increased enormously since Penzias and Wilson’s discovery in
1965, following a Moore’s Law like scaling, doubling every roughly 2.3 years. Fig. 1 shows the sensitivity of
recent experiments as well as expectations for upcoming Stage 3 experiments, characterized by order 10,000
detectors on the sky, as well as the projection for a Stage 4 experiment with order 100,000 detectors. To
obtain many of the CMB-S4 science goals requires of order 1 µK arcminute sensitivity over roughly half of
the sky, which for a four-year survey requires of order 500,000 CMB-sensitive detectors.

CMB-S4 Science Book
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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 ⇥ 106 . HI/GeV . 4 ⇥ 109 (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].

CMB-S4 Science Book
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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
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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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cosmic microwave background (CMB): 
experimental progress 
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A uniform glow outside the 
Galactic Plane:
T = 2.7 Kelvin

First detection of 
fluctuations: 

one part in 100,000
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Past Today

R(t)

The expanding universe
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5% baryonic matter: protons, electrons, atoms
✴“stuff we know”

39

Dark
Matter

Dark
Energy

32% cold dark matter (CDM)
✴Stable, neutral, non-relativistic particle
✴Weak interactions with standard model

Cosmic energy budget

39

63% dark energy

Baryons

⌦DE or ⌦⇤

Stuff we don’t know!
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Axion Fundamentals Axions



Limits and horizon

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

Conclusions 
¾ CAST provides the best experimental 

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

¾ After completing the original 
program, CAST is looking to improve 
the vacuuum results, and study other 
exotica.  

¾ CAST Collaboration has gained a lot 
of experience in axion helioscope 
searches.                                        

¾ Future helioscope experiments 
(IAXO) and Microwave cavity 
searches (ADMX) could cover a big 
part of  QCD axion model region in 
the next decade.      

41
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✴Heavy!

Supersymmetry theory
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✴Solves many of SM’s problems!

mdark matter ⇠ 102 GeV

✴Correct dark-matter abundance! 32% of cosmic mean density

Dark matter?

vs m
proton

⇠ 1 GeV



dark energy: SM vacuum energy?
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Crudely:

Full standard model vacuum energy predicts….

⌦⇤ ⇠ 10120

This is what you call a colossal failure

�E ⇠ ~
�t

vs ⌦⇤ ' 0.63



New scalar field with global U(1) symmetry!

✴Mass through pion mixing 

✴  Couples to SM gauge fields (via fermions) 

✴Dynamically erases QCD CP-violation 

What are axions?

44

'1
'2

  
       Peccei + Quinn (1977), Weinberg +Wilczek (1978), Kim (1979), Shifman et. al (1980),  
       Zhitnitsky (1980), Dine et al. (1981), D.B. Kaplan (1985), A.E Nelson (1985,1990)

Two-photon coupling of axion

Axions interact weakly with SM particles

Axions have a two-photon

is model-dependent and may vanish

a

q

q
Channel 1 Channel 2

a

coupling

ξ
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Axions solve the strong CP problem
! Strong interaction violates CP through    -vacuum 

efjiojoijsoijdsoifjosijdfoisdjfoijdsfoijsdoifjdsoifjoidsjfoisdjiojoijoijoijoijoijoijoiuhfius

! Limits on the neutron electric dipole moment are strong. Fine tuning?
jfiojseoifjseoifjseoifjsoiejfoiesjfoisejfoisjfoijseoifjsoieejfoisejfoisjeoifjseoijfoisejfoisjefoisjefo
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! New field (axion) and U(1) symmetry dynamically drive net CP-violating term to 
fheruifheriuhfieurhfuiehrfiuehrfiuheriufheiruhfiuehrfiuheriufheiurhfiuerhfiuehriufheriu
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! Through coupling to pions, axions pick up a mass
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Strong CP problem

46

Strong interaction violates CP through    -vacuum 

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

uh
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QCD strong-CP problem



Strong CP problem

47

Strong interaction violates CP through    -vacuum 

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

uh

θ 10− 10 ,

θ term
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E B

+

-

E B

QCD strong-CP problem
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In 1967, the Russian physicist Andrei Sakharov proposed a solution to this 
puzzle.1 Sakharov’s explanation required the violation of what was considered a 
fundamental symmetry of nature: the cp symmetry. 

CP is a discrete symmetry of nature given by the product of two components: 
charge conjugation (C) and parity (P). Charge conjugation transforms a particle 
into the corresponding anti-particle, e.g., if we apply C 
to an electron, we will obtain a positron. In other words, 
charge conjugation maps matter into anti-matter. Parity 
is the transformation that inverts the space coordinates. 
If we apply P to an electron moving with a velocity  
from left to right, the electron will flip direction and end 
up moving with a velocity - , from right to left. Parity 
produces the mirror image of reality. 

Therefore, when we apply a CP transformation to an 
electron moving with a velocity  we will obtain a positron 
moving with a velocity - . This means that applying CP 
on matter gives us the mirror image of the corresponding 
anti-matter. Let’s imagine having a “CP-mirror,” a device 
that returns the mirror image of the anti-matter (Figure 1). 
Intuitively, we expect that our “anti-self” will wave back 
at us in the CP-mirror. That is, we expect CP to be a good 
symmetry of Nature. But is this actually the case? 

Both electromagnetic and strong interactions are 
symmetric under C and P, therefore they must also be 
symmetric under the product CP. This is not necessarily 
the case for the weak force, which violates both C and P 
symmetries, as demonstrated by Chien-Shiung Wu in 1957 
in the study of β decays of Cobalt-60.2 Until 1964, however, 
CP symmetry was naively assumed to hold in weak interactions as well. One reason 
for this assumption was the CPT theorem, which states that all quantum field 
theories must be symmetric under a combined transformation of C, P and T (time 
reversal). CP violation therefore implies violation of the time-reversal symmetry, 
which at the time was beyond imagination. 

The discovery of CP violation was therefore completely unexpected when, in 
1964, Val Fitch, Jim Cronin, and collaborators observed this phenomenon for the 
first time3 in the study of the decays of neutral kaons, particles formed by a strange 

figure 1
When we look at our image in a standard 
mirror, we are looking at a parity 
transformation of ourselves.  The figure above 
is an artist’s illustration of what we would see in 
a “CP-mirror”: will our anti-self wave back to us? 
Not necessarily, if CP is violated… 



✴Can the dark matter or dark energy be an ultra-light boson, like an axion? 

✴What is the connection between the physics of inflation and the physics of the dark 
sector? Are initial fluctuations in different species spatially locked? 

✴What new probes of the dark sector could we soon have at our disposal? 
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Key questions:
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Key questions:

in collaboration with R. Hložek (Princeton), D. J. E. Marsh (Perimeter Institute), P. Ferreira (Oxford):

arXiv:1303.3008, Phys. Rev. D 87, 121701 (2013)
arXiv:1403.4216, Phys. Rev. Lett. 113, 011801 (2014)
arXiv:1410.2896, submitted to Phys, Rev. D
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Strong interaction violates CP through    -vacuum 

Limits on the neutron electric dipole moment are strong. Fine tuning?
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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
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Misalignment in our Hubble Patch



  Anthropic axion window:
✴ Axion field is relatively homogeneous 

✴ Abundance 

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



  Anthropic axion window:
✴ Axion field is relatively homogeneous 

✴ Abundance 

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



 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



 Classic axion window:  

55

✴ 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!



Dark matter axion abundance
✴ QCD axion couples to quarks/pions, temp-dependent mass 

✴ High-temp regime 

✴ Low-temp regime 
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Axions solve the strong CP problem
! Strong interaction violates CP through    -vacuum 

efjiojoijsoijdsoifjosijdfoisdjfoijdsfoijsdoifjdsoifjoidsjfoisdjiojoijoijoijoijoijoijoiuhfius

! Limits on the neutron electric dipole moment are strong. Fine tuning?
jfiojseoifjseoifjseoifjsoiejfoiesjfoisejfoisjfoijseoifjsoieejfoisejfoisjeoifjseoijfoisejfoisjefoisjefo
ijseofijseoifjseoifjsoiejfoisejfoisjefoisjefoijseoifjseoijfoiesjfoisejfoisejfoijesfoijseoifjseoijfoise
jfoisjfisoejfoisej

! New field (axion) and U(1) symmetry dynamically drive net CP-violating term to 
fheruifheriuhfieurhfuiehrfiuehrfiuheriufheiruhfiuehrfiuheriufheiurhfiuerhfiuehriufheriu
hfieurhfiuerhfiuehriufheriufhieurhfiuerhfiuheriufheiruhfiuerhfiuehrfiuhiuh

! Through coupling to pions, axions pick up a mass

� � 10�10,

LCPV =
�g2

32⇥2
GG̃

�

LCPV =
�g2

32⇥2
GG̃� a

fa
g2GG̃

term

0

z � mu/md

g

g
�

16

ma �
m�f�

fa

⇥
r

1 + r

Axions solve the strong CP problem



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

a

q

q
Channel 1 Channel 2

a

coupling

ξ
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✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds

✴ Mass acquired non-perturbatively (instantons, D-Branes)
Scale of new  
ultra-violet physics
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✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds

✴ Mass acquired non-perturbatively (instantons, D-Branes)
Scale of extra dimensions 

 in Planck units
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✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds

Ultra-light axions (ULAS) in string theory
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Axiverse! Arvanitaki+ 2009 
Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012) 



tUltra-light axions

ga�� (GeV�1)

60

✴ Interactions with standard model are very small!

ga�� / ma

✴ Inaccessible to terrestrial experimentation

Ultra-light axions still gravitate!



✴ Bosons moving in extra dimensions are axions in 4D!

Ultra-light axions (ULAS) in string theory
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Hundreds of axions
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Axiverse! Arvanitaki+ 2009 
Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012) 

✴ In string theory, extra dimensions compactified: Calabi-Yau manifolds

Ultra-light axions (ULAS) in string theory
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✴ One framework that solves SM problems is string theory

String theory
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✴ String theory requires 6 extra dimensions that we don’t see! 

Must be curled up/compactified

Replace point particles with extended objects
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Cosmology of ultra-light axions: 
dark matter and dark energy candidates

65
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



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

65

Scale corresponding to 
 typical galaxy separation today 

Causal horizon 

Corresponds to time of matter/radiation equality, when
⇢m = ⇢� + ⇢⌫

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 

Simple relic density constraints: 

Frieman et al 1995, Coble et al. 1997



✴ 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

66

L / aGG̃

fa



ULAs: gravitational constraints
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figure	adapted from DJEM 2014

ULAs: gravitational constraints

Flat logarithmic mass distribution: 
Very low axion masses natural!
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figure	adapted from DJEM 2014

Forecast: uncertain scales

Independent of axion SM couplings: uncertainties astrophysical!

ULAs: gravitational constraints

Flat logarithmic mass distribution: 
Very low axion masses natural!



ULAs: gravitational constraints

67

figure	adapted from DJEM 2014

Constraint: astrophysical uncertainties

Independent of axion SM couplings: uncertainties astrophysical!

ULAs: gravitational constraints

Flat logarithmic mass distribution: 
Very low axion masses natural!
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figure	adapted from DJEM 2014

Underway

Independent of axion SM couplings: uncertainties astrophysical!

ULAs: gravitational constraints

Flat logarithmic mass distribution: 
Very low axion masses natural!
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figure	adapted from DJEM 2014

DUST!

Independent of axion SM couplings: uncertainties astrophysical!

ULAs: gravitational constraints

Flat logarithmic mass distribution: 
Very low axion masses natural!
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figure	adapted from DJEM 2014

    Rough forecast

Independent of axion SM couplings: uncertainties astrophysical!

ULAs: gravitational constraints

Flat logarithmic mass distribution: 
Very low axion masses natural!
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figure	adapted from DJEM 2014

    IRONCLAD: this work

Independent of axion SM couplings: uncertainties astrophysical!

ULAs: gravitational constraints

Flat logarithmic mass distribution: 
Very low axion masses natural!
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✴ Calabi-Yau manifolds

The axiverse: ultra-light axions (ULAs)

68

Many axionsMany 2-cycles

Hundreds!

New UV scale: not QCD scale

Also Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012)
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✴ Calabi-Yau manifolds

The axiverse: ultra-light axions (ULAs)
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Many axionsMany 2-cycles

Scalars with approximate shift symmetry        “Axion”

Also Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012)

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
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Cosmological axion evolution

Misalignment production

For QCD axion, we have a CDM candidate!
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Cosmological axion evolution
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Cosmological axion evolution
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osc

< a
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Oscillation starts in time for struct. formation

Oscillation starts too late for struct. formation

`DM’ axions

DE axions

ma > 10�27 eV

ma < 10�27 eV

Different parameter space for non-QCD axion(Frieman et al 1995, Coble et al. 2007)



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

a

q

q
Channel 1 Channel 2

a

coupling

ξ

✴ Very little freedom once fa specified



71

Axion Experiments/
Constraints

Axions



✴ADMX: Use the DM axions the universe gives you 

72

How to look for a QCD axion

P. Sikivie 1983 

Excite cavity TEM modes

L / ga��a ~E · ~B



✴ADMX: Use the DM axions the universe gives you 
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How to look for a QCD axion

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.)

P. Sikivie 1983 

L. Rosenberg and G. Rybka +….

L / ga��a ~E · ~B



Limits and horizonHow to look for axions

ga�� (GeV�1)

✴By construction, axions interact with photons ga�� = � 3↵⇠

2⇡fa
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Conclusions 
¾ CAST provides the best experimental 

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

¾ After completing the original 
program, CAST is looking to improve 
the vacuuum results, and study other 
exotica.  

¾ CAST Collaboration has gained a lot 
of experience in axion helioscope 
searches.                                        

¾ 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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Cosmological abundance limits (more soon…)
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ULA and axion-like particles (ALPs)
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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.
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Experimental desert: Gravitational constraints essential

From arXiv: 1205.2671
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✴ Broad axion energy spectrum

✴ Resonance condition 

Axion helioscopes [CAST, Tokyo Axion Helioscope, IAXO]
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¾ conversion probability in gas (in vacuum: *= 0, mJ=0): 

L=magnet length, *=absorption coeff. 

(K)
(mbar)

020(eV
T

P .)mγ |

axion-photon momentum transfer  

effective photon mass (T=1.8 K) 

gaJ=10-10 GeV-1 

¾ coherence condition for a →  J 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
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Sun

Primakoff 
production

Axion Helioscope
(Sikivie 1983)
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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



✴ Backwards Primakoff process (Sikivie, Zioutas, and many others) 
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CAST: Setup ¾ LHC test magnet (B=9 T, L=9.26 m) 

¾ Rotating platform (hor. ±40q, ver. ±8q) 

¾ X-ray detectors 

¾ X-ray Focusing Device 
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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

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
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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).
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Making axions in stars, II

From Raffelt 2012
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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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Making axions in (exploding) stars, III

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23–26 April 2012
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Hot axion production at early times

! Axions produced through interactions between non-relativistic pions 

in chemical equilibrium with rate 

hcuhuihuidhiusahdiuashdiuhaiudhasiudhiuhasdiuhasiudhasiudhiua

shdiuashdiuihsius

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

91

� =
c
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(1 + zc)

ma/ eV

⌧ = 6.8⇥ 1024⇠�2m�5
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✴ Axions decay:

✴ Monochromatic emission line:

Axion HDM: Decay line

91

� =
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

92

N
ax

= 1080m�1

a,eV !

�1000 ⇠ 1
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�18
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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

94

Axion HDM: Modern optical telescope searches
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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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Axion HDM: Cluster mass maps and 

✴HST Shear map (Rosati et al. ) and arc locations fit
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astro-ph/0611502, Phys.Rev.D75:105018,2007

+manuscript in progress
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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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✴ Axion thermal abundance 
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✴ Resolvable 

✴ Axions decay:

✴ Monochromatic emission line:

Axion HDM: Decay line
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Following in the footsteps of Ressell, Bershady, Turner 1991



 Classic axion window:  

99

✴ 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
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CONTROVERSY!



✴ Power✴ Magnetized RF Cavity

Axion helioscopes [CAST, Tokyo Axion Helioscope, IAXO]

100

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
2 V B

2ρaQ

ma
∼10

−21
Watts

f a∼10
12

GeV →ma∼O (1)μ eV

ω∼O (1)GHz Microwave 
frequency

Volume Quality factor

Axion energy density
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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

101

✴ Primakoff process 

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

Patras Workshop, Mykonos, 
June 2011

Igor G. Irastorza / Universidad de 
Zaragoza

3

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 
¾ CAST provides the best experimental 

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

¾ After completing the original 
program, CAST is looking to improve 
the vacuuum results, and study other 
exotica.  

¾ CAST Collaboration has gained a lot 
of experience in axion helioscope 
searches.                                        

¾ 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]
104



Demille, Doyle, Sushkov (Science 2017), 
idea of Graham and Rajendran (2014)
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ULA Search Technical DetailsAxions



ISW TEST

107

10

tive fluid equations for ULAs (when a � a
osc

) are

�̇a = �kua �
�̇

2
� 3Hc2a�a � 9H2c2aua/k, (28)

u̇a = �Hua + c2ak�a + 3c2aH2ua. (29)

To compute the evolution of ULA perturbations in
camb, we use Eqs. (20)-(21) when a < a

osc

together
with the numerical background evolution of ⇢a, wa. At
late times when a � a

osc

we use Eqs. (28)-(29) , with
⇢a / a�3, wa = 0. To be sure that this sudden transi-
tion does not produce numerical artefacts in the modified
camb output, we verified that results are insensitive to
changes in the exact matching time of order �⌧ = 10m�1.
We also checked the code against a version of camb
that directly solves for the perturbed scalar field, and for
masses as high as ma ⇠ 104H

0

, found agreement between
the exact and e↵ective fluid treatments. The approxima-
tion improves at higher ma values, as the transition hap-
pens over shorter and shorter intervals compared to the
whole of cosmic time. Since this mass is deep into the co-
herent oscillation regime today, we are confident that our
approximations are valid over the full mass-range consid-
ered, as discussed further in Sec. IIID.

D. Summary of changes to CAMB and key
physical e↵ects

We self-consistently include the e↵ect of ULAs on the
homogeneous expansion history by numerically solving
Eq. (8), including the ULA energy density in the com-
putation of H using the Friedmann equation. Using a
shooting method, the initial value �

0

is chosen to obtain
the desired input value of ⌦a/⌦d to a precision of 10�4.
Additionally, we include the contributions of ULAs to
H everywhere in camb that the Hubble expansion rate
is needed, including the RecFast [152] recombination
module itself and the calculation of the visibility func-
tion. Early-time (m  3H) evolution of perturbations
is followed using the equations of Sec. III A, with initial
conditions set as discussed in Sec. III B and Appendix
B. Late-time (m � 3H) evolution is followed using the
equations of Sec. III C.

We now discuss the evolution of specific modes (out-
put by our modified version of camb) in several cases of
interest, in order to highlight some of the physical e↵ects
driving the behavior of the observable power spectra dis-
cussed in Sec. IV. As already discussed in Sec. II, Fig. 3
shows the behavior of a range of modes for ULAs with
ma = 10�26 eV. We see there that if ULAs constitute all
the DM and the perturbation wavelength is smaller than
or of order the ULA Jeans scale, linear structure growth
is arrested until a later time.

Evolution of a DM density perturbation with k =
10�4h Mpc�1 is shown in Fig. 4. For this large-scale
mode (k ⌧ km) and a large (CDM-like) value of ma, we
expect the ULA to behave as CDM. Once a ⇠> a

osc

, the
initial conditions are forgotten and the mode locks onto

FIG. 5. Evolution of the integrated Sachs-Wolfe (ISW) source
term [50] for a mode with k = 10�4h Mpc�1. The overall
amplitude is arbitrary. Dark colored curves are generated
using the modified camb described in the text. Lighter curves
are generated using direct numerical integration of scalar-field
perturbation EOMs. Green curves show the e↵ect of choosing
⌦a/⌦d = 0.1 (with all other parameters set to ⇤CDM values)
with ma = 10�32 eV. Blue curves are obtained assuming
⌦

⇤

= 0, ⌦m = 1 and ⌦a/⌦d = 0.1 with ma = 5⇥ 10�32 eV.

the universal CDM-like behavior. For higher ma, aosc is
lower and CDM-like behavior begins earlier.

In Fig. 5, we show the behavior of the Integrated
Sachs-Wolfe (ISW) source term (see Ref. [50] for a defi-
nition) for a long-wavelength mode (k = 10�4h Mpc�1)
in ⇤CDM and Einstein-deSitter (EdS) cosmologies as
well as cosmologies which include ULAs with rather low
masses (10�32 eV� 5⇥ 10�32 eV), treating ULA pertur-
bations using the e↵ective fluid formalism and modified
camb described above. The EdS cosmology is defined by
the values ⌦m = 1, ⌦

⇤

= 0).
When low-mass (m = 10�32 eV) ULAs replace some of

the DM, there is an enhancement of the ISW e↵ect due
to the early DE-like behavior of ULAs. When a > a

osc

,
these ULAs begin to behave as CDM, leading the ISW
source term to reconverge to the ⇤CDM behavior. The
small deviation from ⇤CDM behavior for scales that en-
ter the horizon when a < a

osc

will drive the CMB con-
straint for comparable ULA masses, as we discuss further
in Secs. IV and V.

As another example, we set ⌦m = 1, ⌦
⇤

= 0, and
⌦a = 0.1, with a higher ULA mass of ma = 5⇥10�32 eV.
Because of their early DE-like behavior, these ULAs ini-
tially enhance the ISW source term. The higher ma (and
lower a

osc

) value, however, causes CDM-like behavior to
set in earlier than the preceding case. ISW source term
then closely tracks the EdS case, with a nearly vanishing
late-time ISW e↵ect.

For both ULA parameter sets in Fig. 5, we compare
mode evolution in the e↵ective fluid treatment with that
obtained by directly numerically integrating the EOMs of
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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
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ULAs and the angular sound horizon
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✴Tight constraints over 7 orders of magnitude in mass: 

Thanks to AXICAMB and Planck 

✴ULAs are viable DM/DE candidates in linear theory outside ``belly” 112
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TABLE I. Constraints on the cosmological parameters in the axion model in the tightly constrained (data-driven) mass range
�32  log

10

(ma/eV)  �25.5. The one-sided limits are upper 95% bounds, while the error bars quoted represent the upper
and lower 95% errors. The lower limit should be the central value minus the error bar.

Parameter Planck + highL+lowL+WP (CMB) CMB+ WiggleZ

⌦ah
2 < 0.0058 < 0.0062

⌦ch
2 0.119+0.005

�0.008 0.121+0.004
�0.005

⌦a/⌦d < 0.048 < 0.049

�i/M
pl

0.073+0.1482
�0.058 0.089+0.239

�0.073

log(1010As) 3.092± 0.046 3.091± 0.046

ns 0.959± 0.012 0.956± 0.011

⌧
re

0.091± 0.025 0.089± 0.025

100⌦bh
2 2.212+0.043

�0.045 2.201± 0.046

H
0

[km/s/Mpc] 67.3+2.4
�3.5 66.2+2.4

�4.9

FIG. 13. Marginalized 2 and 3� contours in the ma � ⌦ah
2 plane for both the CMB-only and CMB+WiggleZ combinations

of data sets. The left panel shows the contours with the axion density shown on logarithmic scale, while the right hand side
shows the same contours on a linear scale. We obtain constraints of ⌦ah

2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
straints on various parameters. The constraints in each
local mass range (low, medium, high) are shown to
demonstrate the physical e↵ects of ULAs of di↵erent
masses. In the high-mass regime, ULAs are degener-
ate with CDM. Both ⌦ah

2 and ⌦ch
2 can therefore go to

zero, with upper bounds close to the ⇤CDM constraint
on ⌦ch

2. In the high-mass regime ⌦
⇤

is unchanged from
its ⇤CDM value near 0.68. In the low-mass regime,
ULAs are degenerate with DE, and so ⌦

⇤

can become
small compared to its ⇤CDM value, while ⌦ch

2 remains
sharply peaked near ⌦ch

2 = 0.12. In the medium-mass
regime, ULAs are neither degenerate with CDM nor DE
and ⌦ah

2 in constrained to be small. The constraints

from the CMB (left panel) and CMB+WiggleZ (right
panel) are qualitatively similar, with WiggleZ adding ad-
ditional constraining power in the medium-mass regime.

E. Local limits

The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
might also ask a related question - in a narrowly defined
mass bin, what are the limits on the fraction, and how do
these compare to the constraints in the two-dimensional
ma � (⌦a/⌦d) plane?

We compare the one-dimensional limit computed

Allowed

⇢
axion

⇢
tot
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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
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109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
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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
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.

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

33

Acoustic features shift!



114

114

cmb Constraints at low masses 
and the angular sound horizon

Planck collaboration: CMB power spectra & likelihood

2 10 50
0

1000

2000

3000

4000

5000

6000

D
�[
µ
K

2 ]

90� 18�

500 1000 1500 2000 2500

Multipole moment, �

1� 0.2� 0.1� 0.07�
Angular scale

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.

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
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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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✴Axion alters cosmic expansion history

Past Today

R(t)

R(t)

Energy content (incuding axions) 
determines expansion history
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TABLE I. Constraints on the cosmological parameters in the axion model in the tightly constrained (data-driven) mass range
�32  log

10

(ma/eV)  �25.5. The one-sided limits are upper 95% bounds, while the error bars quoted represent the upper
and lower 95% errors. The lower limit should be the central value minus the error bar.

Parameter Planck + highL+lowL+WP (CMB) CMB+ WiggleZ

⌦ah
2 < 0.0058 < 0.0062

⌦ch
2 0.119+0.005

�0.008 0.121+0.004
�0.005

⌦a/⌦d < 0.048 < 0.049

�i/M
pl

0.073+0.1482
�0.058 0.089+0.239

�0.073

log(1010As) 3.092± 0.046 3.091± 0.046

ns 0.959± 0.012 0.956± 0.011

⌧
re

0.091± 0.025 0.089± 0.025

100⌦bh
2 2.212+0.043

�0.045 2.201± 0.046

H
0

[km/s/Mpc] 67.3+2.4
�3.5 66.2+2.4

�4.9

FIG. 13. Marginalized 2 and 3� contours in the ma � ⌦ah
2 plane for both the CMB-only and CMB+WiggleZ combinations

of data sets. The left panel shows the contours with the axion density shown on logarithmic scale, while the right hand side
shows the same contours on a linear scale. We obtain constraints of ⌦ah

2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
straints on various parameters. The constraints in each
local mass range (low, medium, high) are shown to
demonstrate the physical e↵ects of ULAs of di↵erent
masses. In the high-mass regime, ULAs are degener-
ate with CDM. Both ⌦ah

2 and ⌦ch
2 can therefore go to

zero, with upper bounds close to the ⇤CDM constraint
on ⌦ch

2. In the high-mass regime ⌦
⇤

is unchanged from
its ⇤CDM value near 0.68. In the low-mass regime,
ULAs are degenerate with DE, and so ⌦

⇤

can become
small compared to its ⇤CDM value, while ⌦ch

2 remains
sharply peaked near ⌦ch

2 = 0.12. In the medium-mass
regime, ULAs are neither degenerate with CDM nor DE
and ⌦ah

2 in constrained to be small. The constraints

from the CMB (left panel) and CMB+WiggleZ (right
panel) are qualitatively similar, with WiggleZ adding ad-
ditional constraining power in the medium-mass regime.

E. Local limits

The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
might also ask a related question - in a narrowly defined
mass bin, what are the limits on the fraction, and how do
these compare to the constraints in the two-dimensional
ma � (⌦a/⌦d) plane?

We compare the one-dimensional limit computed

⇢
axion

⇢
tot
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TABLE I. Constraints on the cosmological parameters in the axion model in the tightly constrained (data-driven) mass range
�32  log

10

(ma/eV)  �25.5. The one-sided limits are upper 95% bounds, while the error bars quoted represent the upper
and lower 95% errors. The lower limit should be the central value minus the error bar.
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FIG. 13. Marginalized 2 and 3� contours in the ma � ⌦ah
2 plane for both the CMB-only and CMB+WiggleZ combinations

of data sets. The left panel shows the contours with the axion density shown on logarithmic scale, while the right hand side
shows the same contours on a linear scale. We obtain constraints of ⌦ah

2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
straints on various parameters. The constraints in each
local mass range (low, medium, high) are shown to
demonstrate the physical e↵ects of ULAs of di↵erent
masses. In the high-mass regime, ULAs are degener-
ate with CDM. Both ⌦ah

2 and ⌦ch
2 can therefore go to

zero, with upper bounds close to the ⇤CDM constraint
on ⌦ch

2. In the high-mass regime ⌦
⇤

is unchanged from
its ⇤CDM value near 0.68. In the low-mass regime,
ULAs are degenerate with DE, and so ⌦

⇤

can become
small compared to its ⇤CDM value, while ⌦ch

2 remains
sharply peaked near ⌦ch

2 = 0.12. In the medium-mass
regime, ULAs are neither degenerate with CDM nor DE
and ⌦ah

2 in constrained to be small. The constraints

from the CMB (left panel) and CMB+WiggleZ (right
panel) are qualitatively similar, with WiggleZ adding ad-
ditional constraining power in the medium-mass regime.

E. Local limits

The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
might also ask a related question - in a narrowly defined
mass bin, what are the limits on the fraction, and how do
these compare to the constraints in the two-dimensional
ma � (⌦a/⌦d) plane?

We compare the one-dimensional limit computed

⇢
axion

⇢
tot

Dark-matter type axions  
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TABLE I. Constraints on the cosmological parameters in the axion model in the tightly constrained (data-driven) mass range
�32  log
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(ma/eV)  �25.5. The one-sided limits are upper 95% bounds, while the error bars quoted represent the upper
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FIG. 13. Marginalized 2 and 3� contours in the ma � ⌦ah
2 plane for both the CMB-only and CMB+WiggleZ combinations

of data sets. The left panel shows the contours with the axion density shown on logarithmic scale, while the right hand side
shows the same contours on a linear scale. We obtain constraints of ⌦ah

2  0.006 at 95% confidence level over some seven
orders of magnitude in axion mass ma. Color code is as in Fig. 12.

degeneracy with H
0

is observed, with points on the edge
of our constraints at low mass favoring lower H

0

.

Figure 15 shows one-dimensional marginalized con-
straints on various parameters. The constraints in each
local mass range (low, medium, high) are shown to
demonstrate the physical e↵ects of ULAs of di↵erent
masses. In the high-mass regime, ULAs are degener-
ate with CDM. Both ⌦ah

2 and ⌦ch
2 can therefore go to

zero, with upper bounds close to the ⇤CDM constraint
on ⌦ch

2. In the high-mass regime ⌦
⇤

is unchanged from
its ⇤CDM value near 0.68. In the low-mass regime,
ULAs are degenerate with DE, and so ⌦

⇤

can become
small compared to its ⇤CDM value, while ⌦ch

2 remains
sharply peaked near ⌦ch

2 = 0.12. In the medium-mass
regime, ULAs are neither degenerate with CDM nor DE
and ⌦ah

2 in constrained to be small. The constraints

from the CMB (left panel) and CMB+WiggleZ (right
panel) are qualitatively similar, with WiggleZ adding ad-
ditional constraining power in the medium-mass regime.

E. Local limits

The marginalized two-dimensional ma�(⌦a/⌦d) plane
allows one to visualize the degeneracy between the frac-
tion and mass concretely. While a global limit on the
axion fraction (as a function of ma) is interesting, one
might also ask a related question - in a narrowly defined
mass bin, what are the limits on the fraction, and how do
these compare to the constraints in the two-dimensional
ma � (⌦a/⌦d) plane?

We compare the one-dimensional limit computed
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Look for ultra-light axions in the cosmos

Density

Axion deBroglie wavelength Astronomical length scale 
kilo-lightyear — giga-lightyear!



✴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

124

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

�⌘ ⇠ (ma)�1 ⌧ �⌘CAMB

Growth of ula perturbations
✴Perturbed Klein-Gordon + Gravity



Effective fluid formalism for ULA DM

124

Growth of ula perturbations

✴“Pressure” stabilization

✴Modes with                                 oscillate instead of growing k � kJ ⇠
p
mH

CDM 
Axion DM 



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

✴Cosmic variance limited to  

✴Power spectrum already shown

✴WiggleZ galaxy survey (linear scales only                                ) 

✴Galaxy bias marginalized over 

✴Theory P(k) convolved with survey window function

Data

125

✴240,000 emission line galaxies at z<1 

✴3.9 m Anglo-Australian Telescope (AAT) 
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range proved prohibitive, and using standard techniques,
we could not obtain accurate constraints in the two-
dimensional space (ma,⌦a/⌦d) in the constrained valley
even using nested sampling.

Our solution to this problem is to break the parameter
space into three regions:

�33 < log
10

(ma/eV) < �30 (low mass) ,

�30 < log
10

(ma/eV) < �25 (med. mass) ,

�25 < log
10

(ma/eV) < �22 (high mass) . (33)

We term these ‘local chains,’ and they are demarcated by
the dashed vertical lines in Fig. 1. We perform a Multi-
Nest run with 500 live points and a tolerance of 0.3 in
each region, satisfying the criterion � lnL = 0.1, where
L is the likelihood. This typically results in ⇠ 100000
likelihood evaluations for each region. This ensures that
each region is well sampled in the local chains. In addi-
tion, we check that splitting the chain in two parts and
computing constraints with di↵erent parts of the chain
produces results consistent at the ⇠ 0.1� 0.2� level.

In order to combine the information from multiple re-
gions together to form a chain across the full space, we
do a coarse global MultiNest run over the entire mass
range; we call this the ‘global’ chain. We use this global
chain to re-weight the output from the individual regions
as follows. We first convert the global chain into a single
chain where each point has equal density (to ensure a
valid relationship between likelihood and point density).
To make a single chain we first divide the weight of each
step by the maximum global weight (and so in that way
turns the weights into fractional weights, and keeps the
information from the MCMC sampling). We then throw
a random number and accept this new point (and writes
it with weight one) to the single chain if it that random
number is less than the normalized weight.

The single global chain is then binned in the
(ma,⌦a/⌦d) plane and we use the point density in two-
dimensional bins as a posterior with which to re-weight
the individual (separately computed and hence statisti-
cally independent) local chains. We perform an interpo-
lation of the points in the 2D mass-fraction plane for the
individual, local chains to obtain a re-weight coe�cient
from the global 2D histogrammed point density. Fol-
lowing this two-dimensional importance sampling [163],
the local chains are combined to form a ‘master chain,’
which is processed as usual, and the global chain is not
used again, as the local chains are no longer independent
from the global. The master, combined chain is now
well sampled in the full parameter-space, and the proper
relative likelihood applies across the full range of ULA
masses. This two-dimensional importance sampling from
the coarse global chain allows us to keep global informa-
tion about the relationship between mass and fraction,
but achieves better sampling in the three regions.

FIG. 11. Mass-dependent degeneracy of axions and CDM.
Points are shown for a MultiNest chain and colored by ma.
If axions are light (ma < 10�30 eV), they behave as dark
energy. Therefore while the CDM density is unchanged as
⌦ah

2 increases, the dark-energy density ⌦
⇤

is reduced (see
Fig. 15). If axions are heavy (ma > 10�25 eV), they behave
as dark matter, and so there is a perfect degeneracy between
⌦ch

2 and ⌦ah
2. For ma in intermediate range range, the

axion energy density is constrained to be small.

C. Priors

The most conservative prior to place on the unknown
parameter ma is a Je↵reys prior, which is uniform in
logarithmic space. We bound this as

� 33 < log
10

(ma/ eV) < �22 (global chain) , (34)

and correspondingly for each local chain of Eq. (33). We
recall that this is also the preferred theoretical prior for
axions in the string landscape [26].

We impose flat priors on the axion energy density and
matter energy densities. Alternatively, we could impose
a uniform prior on the initial axion misalignment angle �i

[55] resulting in a density prior P (⌦ah
2) / 1/(

p
⌦ah2).

We do not use this prior, and choose to be consistent in
our treatment of baryon, CDM and axion densities. To
ensure that we probe all the way down to axion mass-
fractions of ⌦a/(⌦a + ⌦c) = 10�4, we allow ⌦ah

2,⌦ch
2

to vary in the range 10�5 ! 0.3. As a test for prior-
dependence, we tried an alternate procedure, in which
the chains were importance sampled with uniform priors
in ⌦a/⌦d or ln (⌦a/⌦d). There is a weak prior depen-
dence in that chains importance sampled uniformly in
ln⌦a/⌦d give less weight to the top of the ‘U’ in the low-
and high-mass regions. The bounds on the axion frac-
tion in the highly constrained intermediate mass range
are unchanged by our choice of prior.

• 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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Degeneracies/Weak gravity conjecture
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FIG. 14. Degeneracies between the axion parameters and other cosmological parameters. The axion parameters are independent
the baryon density and tilt of the primordial power-spectrum, as shown in the top right and bottom left panels of this figure.
The top left panel indicates the change in the angular sound horizon ✓A: low-mass axions behave like a dark-energy component.
This is also supported by the fact that low-mass axions allow the Hubble constant H

0

(in km s�1/Mpc) to decrease to low
values ⇠< 60 km/s/Mpc.

95% constraints closely agree between these two meth-
ods. This is further evidence that we have adopted a
consistent methodology to sample and constrain the chal-
lenging ULA parameter space.

While the global chain constraints are computed for
chains that have been added and re-weighted using the
prescription described above (and are indicated by the
solid lines), the individual constraints in a mass bin (in-
dicated by the bar chart) do not take the relative prior
volume into account. The one-dimensional limits are thus
tighter than the full n-dimensional case in the tightly
constrained mass range, as the extra n � 1 degrees of
freedom have been integrated out, while the marginalized
2-dimensional contours have only integrated out n�2 de-
grees of freedom. It is, however, not surprising that the
limits are still largely consistent between the two treat-
ments of the chains.

F. Constraining the Axion Decay Constant

Finally, we investigate the significance of our con-
straints for the axion decay constant, fa, tuning of ini-
tial conditions, and models of axion production. In
Fig. 17, we plot points from a MultiNest chain in the
ma�⌦a/⌦d plane colored by the value of the initial field
displacement �i/Mpl. As already discussed, �i is a de-
rived parameter in our chains, found by using a shooting
method to obtain the correct axion relic density from the
vacuum realignment mechanism.

For any fixed value of fa, we can divide the plane up
according to the value of �i. Regions with �i/fa < 1 are
consistent with the m2

a�
2 approximation to the potential

with no need for anharmonic e↵ects or other additional
production mechanisms. On the other hand, regions with
�i/fa < 10�3 might be said to be tuned, like the an-
thropic window for the QCD axion.

In most of the plane the initial field displacement is

22

potential and small anharmonic corrections. Our results
are therefore consistent with the WGC described in Sec.
II.

FIG. 17. The ma � ⌦a/⌦d parameter space showing sam-
ple points for the CMB-only data, colored by the initial
field displacement �i/Mpl. All points satisfy �/Mpl < ⇡
and so are consistent with sub-Planckian decay constants,
fa < Mpl, and the Weak Gravity Conjecture. Most points
satisfy �i/Mpl < 1 and so are consistent with fa < Mpl. Re-
gions with �i/Mpl < 0.01 are consistent with a GUT-scale
decay constant with no need for additional production mech-
anisms.

VI. DISCUSSION AND CONCLUSIONS

It has become clear that certain particles and fields in
cosmology supply us with a powerful portal into funda-
mental physics. Recent developments in neutrino physics
are a prime example, with future high resolution mea-
surements primed to measure the neutrino mass hier-
archy with extraordinary precision [168]. The presence
of ultra-light axions in cosmology can also lead to con-
straints on new mass scales in particle physics, as well as
on the dynamics of the early Universe.

In this paper we have presented the first ever cos-
mological search for ultra-light axions using a fully self-
consistent Boltzmann code, modern Bayesian statistical
methods of MCMC and nested sampling, as well as state-
of-the-art data from the CMB and LSS. We have de-
rived constraints in the 8-dimensional parameter space of
{�2

R, ns, ✓A, ⌧,⌦bh
2,⌦ch

2,⌦ah
2,ma}, exploring all pos-

sible degeneracies, as well as those including foregrounds.
We have presented these constraints marginalized

down to one or two-dimensional spaces. Our main re-
sults are shown in Figs. 12, 15, and 16, as well as in Ta-
ble I. We show that axions in the mass range 10�32 eV 
ma  10�25.5 eV must contribute ⌦a/⌦d < 0.048 at

95% confidence (CMB only) and ⌦a/⌦d < 0.049 at 95%
confidence (CMB + WiggleZ). Large fractions are al-
lowed outside this regime: for ma . 10�32 eV axions
become indistinguishable from dark energy, while for
ma & 10�25.5 eV axions become indistinguishable from
CDM. For the case of CMB+WiggleZ data, this turnover
from the constrained to the dark-matter like region oc-
curs at a higher mass, as we can see in Fig. 12.

This interesting and challenging axion parameter space
required the use and development of new techniques. In
order to solve for the a↵ect of axions on the cosmological
observables in a fully consistent manner, we developed
code to solve not only for the background but for the
perturbations in the axions. To that end, we modelled
axions as a perfect fluid with an equation of state and a
sound speed, modifying CAMB to consistently account
for axions.

Sampling the axion space is challenging. The unusu-
ally shaped parameter space caused standard Metropolis-
Hastings chains to get stuck in the middle region of inter-
mediate mass, preventing them from climbing the ‘walls’
of the U-shaped distribution in the axion mass-axion frac-
tion plane. Multinest provided some improvement in
sampling, however the final chains were typically under
sampled in precisely the intermediate regime, as Multi-
nest is designed to find the largest-volume allowed re-
gions. We tackled the problem by performing Multi-
nest runs restricted to three mass ranges, and then com-
bined the chains using information from a global, more
a coarsely sampled run to weight the individual, ‘local’
chains. This allowed us to closely probe all regions of
interest while including information about the relative
probabilities of the 3 separate mass ranges explored.

There are many open avenues to extend our analy-
sis. Preliminary investigations of CMB lensing data sug-
gest it will be possible to increase the constraint on ma

by an order of magnitude or more using the ` ⇠ 1000
measurement of the lensing potential power spectrum by
e.g. ACT [28]. Galaxy lensing data will complement
the CMB deflection data [36]. Lensing data will im-
pose ⇠ 1%-level constraints on the axion energy-density
using well-understood linear physics. These constraints
will strengthen cruder and more systematic-limited con-
straints from galaxy formation and reionization [144]. In-
cluding isocurvature perturbations will allow us to place
constraints on the energy scale of inflation independently
of the B�mode polarization. Axion-type isocurvature is
sensitive to extremely low-scale inflation inaccessible to
searches for tensor modes. The combination of more ac-
curate E�mode polarization measurements from Planck

in the interim and AdvACT [169] will place the strongest
bounds on isocurvature and lensing. We do not include
additional constraints on the BAO angular-scale from
SDSS [8], but leave a detailed comparison of constraints
from di↵erent probes of LSS to future work. One might
also consider including more varied inflation scenarios
with axions, for example changing the shape of the pri-
mordial power spectrum. No additional modifications to



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]
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range proved prohibitive, and using standard techniques,
we could not obtain accurate constraints in the two-
dimensional space (ma,⌦a/⌦d) in the constrained valley
even using nested sampling.

Our solution to this problem is to break the parameter
space into three regions:

�33 < log
10

(ma/eV) < �30 (low mass) ,

�30 < log
10

(ma/eV) < �25 (med. mass) ,

�25 < log
10

(ma/eV) < �22 (high mass) . (33)

We term these ‘local chains,’ and they are demarcated by
the dashed vertical lines in Fig. 1. We perform a Multi-
Nest run with 500 live points and a tolerance of 0.3 in
each region, satisfying the criterion � lnL = 0.1, where
L is the likelihood. This typically results in ⇠ 100000
likelihood evaluations for each region. This ensures that
each region is well sampled in the local chains. In addi-
tion, we check that splitting the chain in two parts and
computing constraints with di↵erent parts of the chain
produces results consistent at the ⇠ 0.1� 0.2� level.

In order to combine the information from multiple re-
gions together to form a chain across the full space, we
do a coarse global MultiNest run over the entire mass
range; we call this the ‘global’ chain. We use this global
chain to re-weight the output from the individual regions
as follows. We first convert the global chain into a single
chain where each point has equal density (to ensure a
valid relationship between likelihood and point density).
To make a single chain we first divide the weight of each
step by the maximum global weight (and so in that way
turns the weights into fractional weights, and keeps the
information from the MCMC sampling). We then throw
a random number and accept this new point (and writes
it with weight one) to the single chain if it that random
number is less than the normalized weight.

The single global chain is then binned in the
(ma,⌦a/⌦d) plane and we use the point density in two-
dimensional bins as a posterior with which to re-weight
the individual (separately computed and hence statisti-
cally independent) local chains. We perform an interpo-
lation of the points in the 2D mass-fraction plane for the
individual, local chains to obtain a re-weight coe�cient
from the global 2D histogrammed point density. Fol-
lowing this two-dimensional importance sampling [163],
the local chains are combined to form a ‘master chain,’
which is processed as usual, and the global chain is not
used again, as the local chains are no longer independent
from the global. The master, combined chain is now
well sampled in the full parameter-space, and the proper
relative likelihood applies across the full range of ULA
masses. This two-dimensional importance sampling from
the coarse global chain allows us to keep global informa-
tion about the relationship between mass and fraction,
but achieves better sampling in the three regions.

FIG. 11. Mass-dependent degeneracy of axions and CDM.
Points are shown for a MultiNest chain and colored by ma.
If axions are light (ma < 10�30 eV), they behave as dark
energy. Therefore while the CDM density is unchanged as
⌦ah

2 increases, the dark-energy density ⌦
⇤

is reduced (see
Fig. 15). If axions are heavy (ma > 10�25 eV), they behave
as dark matter, and so there is a perfect degeneracy between
⌦ch

2 and ⌦ah
2. For ma in intermediate range range, the

axion energy density is constrained to be small.

C. Priors

The most conservative prior to place on the unknown
parameter ma is a Je↵reys prior, which is uniform in
logarithmic space. We bound this as

� 33 < log
10

(ma/ eV) < �22 (global chain) , (34)

and correspondingly for each local chain of Eq. (33). We
recall that this is also the preferred theoretical prior for
axions in the string landscape [26].

We impose flat priors on the axion energy density and
matter energy densities. Alternatively, we could impose
a uniform prior on the initial axion misalignment angle �i

[55] resulting in a density prior P (⌦ah
2) / 1/(

p
⌦ah2).

We do not use this prior, and choose to be consistent in
our treatment of baryon, CDM and axion densities. To
ensure that we probe all the way down to axion mass-
fractions of ⌦a/(⌦a + ⌦c) = 10�4, we allow ⌦ah

2,⌦ch
2

to vary in the range 10�5 ! 0.3. As a test for prior-
dependence, we tried an alternate procedure, in which
the chains were importance sampled with uniform priors
in ⌦a/⌦d or ln (⌦a/⌦d). There is a weak prior depen-
dence in that chains importance sampled uniformly in
ln⌦a/⌦d give less weight to the top of the ‘U’ in the low-
and high-mass regions. The bounds on the axion frac-
tion in the highly constrained intermediate mass range
are unchanged by our choice of prior.
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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



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

✴Cosmic variance limited to 

✴Nested sampling, MCMC, vary 

Data + Analysis
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Collapse threshold for ULA DM unknown

FUTURE WORK: ULAS AND GALAXIES

�⇤CDM
c = 1.686

�⇤ULA
c =????

When the density contrast 
reaches about unity in linear 
theory, the top-hat 
perturbation goes non-linear 
and collapses
 

TIME EVOLUTION OF THE TOP-HAT 
PERTURBATION IN LINEAR AND 
NON-LINEAR THEORY

linear theory

non-linear 
evolution

4.44

1.06

1.686

The evolution of a spherical overdensity in an infinite background can 
be followed analytically
 

THE TOP-HAT COLLAPSE MODEL

Consider a spherically symmetric, slightly overdense 
perturbation in a critical-density universe

Evolution in linear theory:

According to Birkhoff's theorem, the spherical perturbation evolves independently of the 
outside. Since it is slightly overdense, it behaves like a closed universe.

Cyclic evolution of a closed 
universe in parametric form:
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FUTURE WORK: ULAS CORES + CUSPS?

Figure 3. Mass interior to any given radius and density profiles for SFDM halos for models with
Λ = 0 and different mφ.

Figure 4. Same as figure 2 but for a boson mass of mφ = 10−22 eV and Λ = 0. The UMi’s mass is
of M = 3.1× 108M⊙.

To quantify the destruction of the clump in our simulations, we calculated a map of the
projected surface density of mass in the (x, y)-plane at any given time t in the simulation.
We sample this two-dimensional map searching for the 10 × 10 pc size parcel that contains
the highest mass, Π(t). This parcel is centered at the remnant of the clump. Figure 6 shows
the evolution of Π with time for models with different mφ and Table 1 summarizes the results
of the simulations with Λ = 0. We see that in models with mφ ∼ 3 × 10−22 eV, the clump
is diluted within one Hubble time. In halos with mφ > 3 × 10−22 eV, the clump is erased
in a too short time. Therefore, we conclude that the survival of the dynamical fossil sets an
upper limit to the mass of the boson of mφ < 3× 10−22 eV.

– 7 –
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Cores! (Hu/Gruzinov/Barkana 2001, see also Marsh and Silk 
2013, Marsh and Pop 2015, Matos 2012, Schive 2014, and 
others) 136
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From Schive et al., more cosmological volume needed for 
statistics, baryons, etc…
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6 B. Bozek et al

Figure 2. Sheth-Tormen mass function for ULAs including scale-dependent growth, shown for each redshift in the range
0 6 z 6 14. The result for CDM is shown for reference. Left Panel: ma = 10�22 eV, ⌦a/⌦d = 0.5. Right Panel: ma = 10�22 eV,
⌦a/⌦d = 1.

the values of the parameters evolve linearly with red-
shift consistent with the trends in the data at redshifts
6-10 (see the above cited works for the model details).
The data the Bouwens et al. (2014) luminosity func-
tion is based on includes more recent data than that of
Kuhlen & Faucher-Giguère (2012), but both models are
consistent with the current data set.

The parameterized fit to the observed galaxy lu-
minosity function and the dark-matter halo mass func-
tion of a given model are, at each redshift, integrated
to obtain, respectively, the cumulative galaxy luminos-
ity function, �(< MAB), the number density of galax-
ies brighter than MAB and the cumulative dark-matter
halo mass function, n(> Mh), the number density of
haloes more massive than Mh. For each dark-matter
model, an absolute magnitude, MAB , is assigned to a
dark matter halo mass, Mh by matching number den-
sities in the cumulative functions i.e. according to the
relation:

�(< MAB , z) = n(> Mh, z). (7)

This gives the dark matter halo mass-galaxy luminosity
relations, Mh(MAB), shown in Figure 3. The Mh(MAB)
relation is then used to convert the cumulative dark-
matter mass function of a given model into a predicted
cumulative galaxy luminosity function.

This may appear to be a circular process but the
predicted cumulative luminosity function for each dark-
matter model will match exactly with the input cumu-
lative galaxy luminosity function derived from obser-
vations only provided that the dark-matter halo mass
function actually contain low-mass haloes of a su�cient
(cumulative) number density to match the faint end of
the observed luminosity function – otherwise the pre-
dicted luminosity function will end prematurely com-
pared to observations.

Indeed, a truncation in the halo mass function at

some minimum halo mass, as shown in the right panel
of Fig. 2, leads to a corresponding truncation in the
Mh(MAB) relation, as is clearly seen for the ma =
10�22 eV, Model 1 (100% axion DM), case in Fig. 3. For
the case of a turnover in the halo mass function with-
out a complete truncation, as shown in the left panel
of Fig. 2, the Mh(MAB) relation will steepen such that
several orders of magnitude in dark matter halo mass
maps onto a nearly singular value of galaxy luminosity,
as can be seen for the ma = 10�22eV, Model 3 (50%
axion DM), case in Fig. 3. A truncation will occur in
the resulting aMDM cumulative luminosity function at
the corresponding magnitude for both cases. The termi-
nal value in the aMDM cumulative luminosity function,
therefore, indicates the minimum mass scale of galaxy
formation at each redshift based on whether a su�cient
number of DM halos of that mass scale have collapsed.

The advantage of the abundance-matching proce-
dure is that it provides a pathway to constraining DM
mass functions by directly comparing to galaxy observa-
tions without appealing to uncertain galaxy formation
physics. The Mh(MAB) relation additionally serves as a
prediction for validation or rejection of a given theory.

Schultz et al. (2014) used a di↵erent methodology
in their abundance-matching procedure for the WDM
case. Those authors used the Mh(MAB) relation ob-
tained from the CDM abundance-matching when con-
structing the predicted WDM cumulative luminosity
functions. Their argument for this choice was the un-
known galaxy formation physics that accounts for their
Mh(MAB) relation should be based on CDM, as WDM
mass functions would require a more e�cient galaxy for-
mation process in low-mass galaxies. Our approach uses
the same DM mass function at the beginning and end of
the abundance-matching procedure, which we consider
to be more self-consistent.

c� 0000 RAS, MNRAS 000, 000–000

Missing satellite problem?

FUTURE WORK: ULAS AND GALAXIES

Marsh et al 2014, Klypin 1999, Bullock 2010

Notes on the Missing Satellites Problem James. S. Bullock (UC Irvine) 27

Fig. 1.11. Luminosity function of dSph galaxies within Rh = 417 kpc of the Sun
as observed (lower), corrected for only SDSS sky coverage (middle), and with lu-
minosity completeness corrections from Tollerud et al. (2008) included (upper).
Note that the brightest, classical (pre-SDSS) satellites are uncorrected, while new
satellites have the correction applied. The shaded error region corresponds to the
98% spread over mock observation realizations within the Via Lactea I halo.

the total number of galaxies between Lobs and Lobs +∆L using

Ntot(Lobs) ≃ csky Nobs

N(< Rh)

N(< Rcomp(Lobs))
. (1.12)

If we make the assumption that satellite galaxies are associated with subha-
los in a one-to-one fashion, then N(< Rh)/N(< R) may be estimated from
analyzing the radial distribution of ΛCDM subhalos. Tollerud et al. (2008)
showed that the implied ratio N(< Rh)/N(< R) is almost independent of
how the subhalos are chosen. As an example, consider the correction implied
for theNobs = 2 knownMilky Way dwarfs that have Lobs ≃ 1000L⊙. For this
luminosity, we are complete to Rcomp = 66kpc. The subhalo distributions
presented in Tollerud et al. (2008) obey N(< 417kpc)/N(< 66kpc) = 5−10
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Dynamical friction, tidal disruption, substructure, 
halo model, spherical collapse, better simulations 
(much work to be done!)
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Additional slides: 
ULAs and galaxies
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✴Galaxies are biased tracers 

FUTURE WORK: ULAS AND GALAXIES
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Unfair penalty on scales where 
axions don’t cluster



✴Galaxies are biased tracers 

Doesn’t include ULAs as matter component 
on scales where they cluster
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Collapse threshold for ULA DM unknown

FUTURE WORK: ULAS AND GALAXIES

�⇤CDM
c = 1.686

�⇤ULA
c =????

When the density contrast 
reaches about unity in linear 
theory, the top-hat 
perturbation goes non-linear 
and collapses
 

TIME EVOLUTION OF THE TOP-HAT 
PERTURBATION IN LINEAR AND 
NON-LINEAR THEORY

linear theory

non-linear 
evolution

4.44

1.06

1.686

The evolution of a spherical overdensity in an infinite background can 
be followed analytically
 

THE TOP-HAT COLLAPSE MODEL

Consider a spherically symmetric, slightly overdense 
perturbation in a critical-density universe

Evolution in linear theory:

According to Birkhoff's theorem, the spherical perturbation evolves independently of the 
outside. Since it is slightly overdense, it behaves like a closed universe.

Cyclic evolution of a closed 
universe in parametric form:
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FUTURE WORK: ULAS CORES + CUSPS?

Figure 3. Mass interior to any given radius and density profiles for SFDM halos for models with
Λ = 0 and different mφ.

Figure 4. Same as figure 2 but for a boson mass of mφ = 10−22 eV and Λ = 0. The UMi’s mass is
of M = 3.1× 108M⊙.

To quantify the destruction of the clump in our simulations, we calculated a map of the
projected surface density of mass in the (x, y)-plane at any given time t in the simulation.
We sample this two-dimensional map searching for the 10 × 10 pc size parcel that contains
the highest mass, Π(t). This parcel is centered at the remnant of the clump. Figure 6 shows
the evolution of Π with time for models with different mφ and Table 1 summarizes the results
of the simulations with Λ = 0. We see that in models with mφ ∼ 3 × 10−22 eV, the clump
is diluted within one Hubble time. In halos with mφ > 3 × 10−22 eV, the clump is erased
in a too short time. Therefore, we conclude that the survival of the dynamical fossil sets an
upper limit to the mass of the boson of mφ < 3× 10−22 eV.

– 7 –
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Cores! (Hu/Gruzinov/Barkana 2001, see also Marsh and Silk 
2013, Marsh and Pop 2015, Matos 2012, Schive 2014, and 
others)



FUTURE WORK: ULAS CORES + CUSPS?

Figure 3. Mass interior to any given radius and density profiles for SFDM halos for models with
Λ = 0 and different mφ.

Figure 4. Same as figure 2 but for a boson mass of mφ = 10−22 eV and Λ = 0. The UMi’s mass is
of M = 3.1× 108M⊙.

To quantify the destruction of the clump in our simulations, we calculated a map of the
projected surface density of mass in the (x, y)-plane at any given time t in the simulation.
We sample this two-dimensional map searching for the 10 × 10 pc size parcel that contains
the highest mass, Π(t). This parcel is centered at the remnant of the clump. Figure 6 shows
the evolution of Π with time for models with different mφ and Table 1 summarizes the results
of the simulations with Λ = 0. We see that in models with mφ ∼ 3 × 10−22 eV, the clump
is diluted within one Hubble time. In halos with mφ > 3 × 10−22 eV, the clump is erased
in a too short time. Therefore, we conclude that the survival of the dynamical fossil sets an
upper limit to the mass of the boson of mφ < 3× 10−22 eV.

– 7 –

From Schive et al., more cosmological volume needed for 
statistics, baryons, etc…
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Figure 2. Sheth-Tormen mass function for ULAs including scale-dependent growth, shown for each redshift in the range
0 6 z 6 14. The result for CDM is shown for reference. Left Panel: ma = 10�22 eV, ⌦a/⌦d = 0.5. Right Panel: ma = 10�22 eV,
⌦a/⌦d = 1.

the values of the parameters evolve linearly with red-
shift consistent with the trends in the data at redshifts
6-10 (see the above cited works for the model details).
The data the Bouwens et al. (2014) luminosity func-
tion is based on includes more recent data than that of
Kuhlen & Faucher-Giguère (2012), but both models are
consistent with the current data set.

The parameterized fit to the observed galaxy lu-
minosity function and the dark-matter halo mass func-
tion of a given model are, at each redshift, integrated
to obtain, respectively, the cumulative galaxy luminos-
ity function, �(< MAB), the number density of galax-
ies brighter than MAB and the cumulative dark-matter
halo mass function, n(> Mh), the number density of
haloes more massive than Mh. For each dark-matter
model, an absolute magnitude, MAB , is assigned to a
dark matter halo mass, Mh by matching number den-
sities in the cumulative functions i.e. according to the
relation:

�(< MAB , z) = n(> Mh, z). (7)

This gives the dark matter halo mass-galaxy luminosity
relations, Mh(MAB), shown in Figure 3. The Mh(MAB)
relation is then used to convert the cumulative dark-
matter mass function of a given model into a predicted
cumulative galaxy luminosity function.

This may appear to be a circular process but the
predicted cumulative luminosity function for each dark-
matter model will match exactly with the input cumu-
lative galaxy luminosity function derived from obser-
vations only provided that the dark-matter halo mass
function actually contain low-mass haloes of a su�cient
(cumulative) number density to match the faint end of
the observed luminosity function – otherwise the pre-
dicted luminosity function will end prematurely com-
pared to observations.

Indeed, a truncation in the halo mass function at

some minimum halo mass, as shown in the right panel
of Fig. 2, leads to a corresponding truncation in the
Mh(MAB) relation, as is clearly seen for the ma =
10�22 eV, Model 1 (100% axion DM), case in Fig. 3. For
the case of a turnover in the halo mass function with-
out a complete truncation, as shown in the left panel
of Fig. 2, the Mh(MAB) relation will steepen such that
several orders of magnitude in dark matter halo mass
maps onto a nearly singular value of galaxy luminosity,
as can be seen for the ma = 10�22eV, Model 3 (50%
axion DM), case in Fig. 3. A truncation will occur in
the resulting aMDM cumulative luminosity function at
the corresponding magnitude for both cases. The termi-
nal value in the aMDM cumulative luminosity function,
therefore, indicates the minimum mass scale of galaxy
formation at each redshift based on whether a su�cient
number of DM halos of that mass scale have collapsed.

The advantage of the abundance-matching proce-
dure is that it provides a pathway to constraining DM
mass functions by directly comparing to galaxy observa-
tions without appealing to uncertain galaxy formation
physics. The Mh(MAB) relation additionally serves as a
prediction for validation or rejection of a given theory.

Schultz et al. (2014) used a di↵erent methodology
in their abundance-matching procedure for the WDM
case. Those authors used the Mh(MAB) relation ob-
tained from the CDM abundance-matching when con-
structing the predicted WDM cumulative luminosity
functions. Their argument for this choice was the un-
known galaxy formation physics that accounts for their
Mh(MAB) relation should be based on CDM, as WDM
mass functions would require a more e�cient galaxy for-
mation process in low-mass galaxies. Our approach uses
the same DM mass function at the beginning and end of
the abundance-matching procedure, which we consider
to be more self-consistent.

c� 0000 RAS, MNRAS 000, 000–000

Missing satellite problem?

FUTURE WORK: ULAS AND GALAXIES

Marsh et al 2014, Klypin 1999, Bullock 2010

Notes on the Missing Satellites Problem James. S. Bullock (UC Irvine) 27

Fig. 1.11. Luminosity function of dSph galaxies within Rh = 417 kpc of the Sun
as observed (lower), corrected for only SDSS sky coverage (middle), and with lu-
minosity completeness corrections from Tollerud et al. (2008) included (upper).
Note that the brightest, classical (pre-SDSS) satellites are uncorrected, while new
satellites have the correction applied. The shaded error region corresponds to the
98% spread over mock observation realizations within the Via Lactea I halo.

the total number of galaxies between Lobs and Lobs +∆L using

Ntot(Lobs) ≃ csky Nobs

N(< Rh)

N(< Rcomp(Lobs))
. (1.12)

If we make the assumption that satellite galaxies are associated with subha-
los in a one-to-one fashion, then N(< Rh)/N(< R) may be estimated from
analyzing the radial distribution of ΛCDM subhalos. Tollerud et al. (2008)
showed that the implied ratio N(< Rh)/N(< R) is almost independent of
how the subhalos are chosen. As an example, consider the correction implied
for theNobs = 2 knownMilky Way dwarfs that have Lobs ≃ 1000L⊙. For this
luminosity, we are complete to Rcomp = 66kpc. The subhalo distributions
presented in Tollerud et al. (2008) obey N(< 417kpc)/N(< 66kpc) = 5−10
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Figure 3. Mass interior to any given radius and density profiles for SFDM halos for models with
Λ = 0 and different mφ.

Figure 4. Same as figure 2 but for a boson mass of mφ = 10−22 eV and Λ = 0. The UMi’s mass is
of M = 3.1× 108M⊙.

To quantify the destruction of the clump in our simulations, we calculated a map of the
projected surface density of mass in the (x, y)-plane at any given time t in the simulation.
We sample this two-dimensional map searching for the 10 × 10 pc size parcel that contains
the highest mass, Π(t). This parcel is centered at the remnant of the clump. Figure 6 shows
the evolution of Π with time for models with different mφ and Table 1 summarizes the results
of the simulations with Λ = 0. We see that in models with mφ ∼ 3 × 10−22 eV, the clump
is diluted within one Hubble time. In halos with mφ > 3 × 10−22 eV, the clump is erased
in a too short time. Therefore, we conclude that the survival of the dynamical fossil sets an
upper limit to the mass of the boson of mφ < 3× 10−22 eV.
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of M = 3.1× 108M⊙.
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is diluted within one Hubble time. In halos with mφ > 3 × 10−22 eV, the clump is erased
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Cores! (Hu/Gruzinov/Barkana 2001, see also Marsh and Silk 
2013, Marsh and Pop 2015, Matos 2012, Schive 2014, and 
others) 145
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Figure 4. Same as figure 2 but for a boson mass of mφ = 10−22 eV and Λ = 0. The UMi’s mass is
of M = 3.1× 108M⊙.

To quantify the destruction of the clump in our simulations, we calculated a map of the
projected surface density of mass in the (x, y)-plane at any given time t in the simulation.
We sample this two-dimensional map searching for the 10 × 10 pc size parcel that contains
the highest mass, Π(t). This parcel is centered at the remnant of the clump. Figure 6 shows
the evolution of Π with time for models with different mφ and Table 1 summarizes the results
of the simulations with Λ = 0. We see that in models with mφ ∼ 3 × 10−22 eV, the clump
is diluted within one Hubble time. In halos with mφ > 3 × 10−22 eV, the clump is erased
in a too short time. Therefore, we conclude that the survival of the dynamical fossil sets an
upper limit to the mass of the boson of mφ < 3× 10−22 eV.
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From Schive et al., more cosmological volume needed for 
statistics, baryons, etc…
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Figure 2. Sheth-Tormen mass function for ULAs including scale-dependent growth, shown for each redshift in the range
0 6 z 6 14. The result for CDM is shown for reference. Left Panel: ma = 10�22 eV, ⌦a/⌦d = 0.5. Right Panel: ma = 10�22 eV,
⌦a/⌦d = 1.

the values of the parameters evolve linearly with red-
shift consistent with the trends in the data at redshifts
6-10 (see the above cited works for the model details).
The data the Bouwens et al. (2014) luminosity func-
tion is based on includes more recent data than that of
Kuhlen & Faucher-Giguère (2012), but both models are
consistent with the current data set.

The parameterized fit to the observed galaxy lu-
minosity function and the dark-matter halo mass func-
tion of a given model are, at each redshift, integrated
to obtain, respectively, the cumulative galaxy luminos-
ity function, �(< MAB), the number density of galax-
ies brighter than MAB and the cumulative dark-matter
halo mass function, n(> Mh), the number density of
haloes more massive than Mh. For each dark-matter
model, an absolute magnitude, MAB , is assigned to a
dark matter halo mass, Mh by matching number den-
sities in the cumulative functions i.e. according to the
relation:

�(< MAB , z) = n(> Mh, z). (7)

This gives the dark matter halo mass-galaxy luminosity
relations, Mh(MAB), shown in Figure 3. The Mh(MAB)
relation is then used to convert the cumulative dark-
matter mass function of a given model into a predicted
cumulative galaxy luminosity function.

This may appear to be a circular process but the
predicted cumulative luminosity function for each dark-
matter model will match exactly with the input cumu-
lative galaxy luminosity function derived from obser-
vations only provided that the dark-matter halo mass
function actually contain low-mass haloes of a su�cient
(cumulative) number density to match the faint end of
the observed luminosity function – otherwise the pre-
dicted luminosity function will end prematurely com-
pared to observations.

Indeed, a truncation in the halo mass function at

some minimum halo mass, as shown in the right panel
of Fig. 2, leads to a corresponding truncation in the
Mh(MAB) relation, as is clearly seen for the ma =
10�22 eV, Model 1 (100% axion DM), case in Fig. 3. For
the case of a turnover in the halo mass function with-
out a complete truncation, as shown in the left panel
of Fig. 2, the Mh(MAB) relation will steepen such that
several orders of magnitude in dark matter halo mass
maps onto a nearly singular value of galaxy luminosity,
as can be seen for the ma = 10�22eV, Model 3 (50%
axion DM), case in Fig. 3. A truncation will occur in
the resulting aMDM cumulative luminosity function at
the corresponding magnitude for both cases. The termi-
nal value in the aMDM cumulative luminosity function,
therefore, indicates the minimum mass scale of galaxy
formation at each redshift based on whether a su�cient
number of DM halos of that mass scale have collapsed.

The advantage of the abundance-matching proce-
dure is that it provides a pathway to constraining DM
mass functions by directly comparing to galaxy observa-
tions without appealing to uncertain galaxy formation
physics. The Mh(MAB) relation additionally serves as a
prediction for validation or rejection of a given theory.

Schultz et al. (2014) used a di↵erent methodology
in their abundance-matching procedure for the WDM
case. Those authors used the Mh(MAB) relation ob-
tained from the CDM abundance-matching when con-
structing the predicted WDM cumulative luminosity
functions. Their argument for this choice was the un-
known galaxy formation physics that accounts for their
Mh(MAB) relation should be based on CDM, as WDM
mass functions would require a more e�cient galaxy for-
mation process in low-mass galaxies. Our approach uses
the same DM mass function at the beginning and end of
the abundance-matching procedure, which we consider
to be more self-consistent.

c� 0000 RAS, MNRAS 000, 000–000

Missing satellite problem?
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Marsh et al 2014, Klypin 1999, Bullock 2010
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Fig. 1.11. Luminosity function of dSph galaxies within Rh = 417 kpc of the Sun
as observed (lower), corrected for only SDSS sky coverage (middle), and with lu-
minosity completeness corrections from Tollerud et al. (2008) included (upper).
Note that the brightest, classical (pre-SDSS) satellites are uncorrected, while new
satellites have the correction applied. The shaded error region corresponds to the
98% spread over mock observation realizations within the Via Lactea I halo.

the total number of galaxies between Lobs and Lobs +∆L using

Ntot(Lobs) ≃ csky Nobs

N(< Rh)

N(< Rcomp(Lobs))
. (1.12)

If we make the assumption that satellite galaxies are associated with subha-
los in a one-to-one fashion, then N(< Rh)/N(< R) may be estimated from
analyzing the radial distribution of ΛCDM subhalos. Tollerud et al. (2008)
showed that the implied ratio N(< Rh)/N(< R) is almost independent of
how the subhalos are chosen. As an example, consider the correction implied
for theNobs = 2 knownMilky Way dwarfs that have Lobs ≃ 1000L⊙. For this
luminosity, we are complete to Rcomp = 66kpc. The subhalo distributions
presented in Tollerud et al. (2008) obey N(< 417kpc)/N(< 66kpc) = 5−10
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Dynamical friction, tidal distruption, substructure, 
halo model, spherical collapse, better simulations 
(much work to be done!)



✴Galaxy correlation function (counts, bias) 

✴Galaxy lensing 

✴Substructure in halos [flux ratio anomalies in multiply lensed]
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ULA substructure?

8

Figure 6. The subhalo mass function from our WDM semi-
analytic model with(dashed) and without (solid) the CDM to
WDM transformation to the mass-concentration relation from
Schneider et al. (2012). We see that the lower concentration in
WDM halos causes them to be more susceptible to tidal effects.

Figure 7. The subhalo mass function for CDM (solid) and WDM
(dashed) from our semi-analytic model.

haloes for different masses, we first compare the ra-
dial distribution based on our semi-analytic calculation
with high-mass-resolution simulations from Lovell et al.
(2014). In order to compare results, we determine the
radial number density for all subhalos with masses M >
108M⊙, and then normalize these values to the aver-
age number density over their values of r200b, the ra-
dius that encloses the region whereby the mean density
is 200 times the background density. The values for CDM
(WDM) were r200b = 432.1 (429.0) kpc. We plot our re-
sults for both DM models in Fig. 8, and find that our
result is broadly consistent with Fig. 12 of Lovell et al.
(2014). We do not detect a significant difference between
the number densities for our CDM and WDM models,
and the differences in the estimates for the CDM and
WDM models in Lovell et al. (2014) are comparable to

Figure 8. Radial number densities of subhalos for semi-analytic
CDM (solid) and WDM (dashed) models for subhalos with M >
108M⊙, normalized by the average number density over r200b =
432.1 (429.0) kpc for CDM (WDM), in rough agreement with cor-
responding CDM (dotted) and WDM (dash-dotted) results from
Lovell et al. (2014). The error bars assume Poisson errors based

on the total number of merger trees times
√

Ntree/Nsim, where

Nsim=4 is the number of simulations in Lovell et al. (2014)

the error bars. The differences between our models and
Lovell et al. (2014) at small radii are marginally signif-
icant and will warrant attention when we calibrate our
models in future work.
We then proceed to determine radial number densities

for CDM and WDM models within specific mass ranges.
Fig. 9 shows the radial number density of subhalos rel-
ative to the host halo for the CDM and WDM mod-
els. For these calculations, we increased the sampling to
19200 trees/decade in mass. These results show that the
overall radial number density tracks the subhalo mass
function, in that for CDM the number density increases
at low masses, while for WDM it is suppressed. How-
ever, the number density profiles for all the mass ranges
have similar variations with radius. We find that CDM
and WDM profiles have their greatest difference at small
radii.
We also plot in Fig. 9 the mean final density profile

of the subhalos for different mass ranges, assuming an
NFW initial profile and our tidal heating formalism. We
see a small difference in the low-mass range between the
CDM and WDM models, both at small and large radii
within the subhalos. The difference, however, is very
small, requiring highly accurate predictions to be useful.
The CDM/WDM difference in the subhalo mass func-
tion is very large. In future work, we will explore the
relative traction in each of these probes for tracing the
characteristics of dark matter.
Future constraints will rely on accurate predictions.

While our semi-analytic framework serves as a crucial
step, a more accurate calibration to N-body simulations
is necessary for robust and useful predictions that will
enable discrimination between dark matter scenarios.

4. CONCLUSIONS

We implement nonlinear effects into semi-analytical
modeling of subhalo orbits in order to more accurately
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✴Galaxies are biased tracers 

Doesn’t include ULAs as matter component 
on scales where they cluster
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✴Realistic [smooth] treatment of scale-dependent bias needed 
(incorporating physics of ULA formation in halos) 

✴Often neglected (but shouldn’t be) for neutrinos (LoVerde 2013)
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